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The Function of Vitamin A: Cun^nt Concepts^ (41537) 

MAUA H. ZILE^ AND MALFORD E. CULLUM 

Department of Food Science and Hunum Nutrition, Michigan State University, East Lansing, Michigan 48824 



Visual function of vitamin A. Somatic functions of vitamin A: a. differentiation, b. growth. 
Reproduction. Membrane phenomena. Conclusions. Addendum. 



The function of vitamin A has remained 
an enigma even though this vitamin was one 
of the earliest to be discovered ( 1 ). The knowl- 
edge that has accumulated from more than 
half a century of investigations points to a 
multitude of physiological and biochemical 
changes that take place when the mammalian 
body has insufficient vitamin A. At this time 
it has become evident that at least three dif- 
ferent physiological functions are dependent 
on proper vitamin A nutrition: 

(1) Somatic Junction or systemic func- 
tion — this encompasses growth and differ- 
entiation, and for vitamin A is best under- 
stood in terms of development and differen- 
tiation of epithelial structures and bone 
(2-6). Forms of vitamin A capable of sup- 
porting somatic functions include retinol, 
retinyl esters, retinal and retinoic acid. 

(2) Reproduction — vitamin A is essential 
for ^)ermatogenesis, oogenesis, placental de^ 
velopment, and fetal and embryonic growth. 
While retinol, retinyl esters, and retinal are 
active for these functions, retinoic acid is not 
able to support aU aspects of mammalian re- 
production (2, 3, 7). 

(3) Visual process — it is firmly established 
that vitamin A is required for vision in the 
dark, possibly also for color perception. The 
active form of vitamin A for this function is 
the aldehyde, retinal (8), derived from retinyl 
esters and retinol. Retinoic acid is inactive (9). 



* Michigan Agricultural Experiment Station Journal 
Article 1050S. Partially supported by USDA Grant 81- 
CRCR-1-0700 to M.H.Z. Many thanks to Drs. D. R. 
Romsos, C. C. Sweeley, and S. M. Ferguson-Miller for 
critically reading the manuscript We thank Ms. Janeen 
Hunt for expert typing of the manuscript 

' To whom all ooncspondenoe shoukl be addressed. 



Some of the most significant developments in 
the area of vitamin A function and metabo- 
lism are outlined in this introductory section. 
Utilization of vitamin A in the body is a 
tightly r^ulated process; there are several sites 
of control: 

( 1 ) Transport of vitamin A from its storage 
site in liver to tissues is in the form of retinol 
bound to its specific carrier protein, retinol- 
binding protein (10, 11). Retinoic acid is ap- 
parently transported by serum albumin (12). 

(2) There is control at the level of entry 
into cells: it has been shown that a specific 
cell surface binding protein accepts the vita- 
min from its carrier protein and then transfers 
it across the membrane into the cell (13, 14). 

(3) At the cellular level vitamin A appears 
to be bound to a cellular receptor protein: 
cytosolic binding proteins have been found 
that specifically bind retinol, retinal and reti- 
noic acid (15-18), and there is evidence of 
nuclear receptors specific for retinol and reti- 
noic acid (15, 18-23). 

(4) Computer modeling studies suggest that 
plasma retinol cycles repeatedly in a "futile 
cycling*' process that interfaces target issues, 
circulation, and body pools (M. H. Green, 
personal communication). 

The question now arises: what exactly does 
vitamin A do at the cellular and molecular 
level? Although a great deal of effort has been 
expended in many laboratories to answer this 
question, the function of this important nu- 
trient is still unknown. At the present time 
there are three working models offered to ex- 
plain the mode of action of vitamin A. 

One is based on the mode of action of vi- 
tamin A in vision, where, in the form of 1 1- 
m-retinal, it functions as the prosthetic group 
on the visual protein, opsin, in the rhodopsin 
cycle ((8, 9), reviewed in (5, 6)). This molec- 
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ular mechanism of action for vitamin A, how- 
ever, so far has not been found applicable to 
other target sites of vitamin A function. 

To explain the mode of action of vitamin 
A in reproductive and general somatic func- 
tions, such as growth and differentiation, there 
are currently two models under active inves- 
tigation: 

(1) Vitamin A acts in a coenzyme fashion 
as a sugar carrier for glycoprotein biosyn- 
thesis. Work is in progress in several labora- 
tories to seek substantiating evidence for this 
hypothesis (5, 6, 24). 

(2) Vitamin A functions via a specific re- 
ceptor protein (16, 17). Since cellular binders 
for all active forms of vitamin A have been 
found (16, 17, 23, 26), this working model 
has received wide acceptance. 

Functions of vitamin A must be intimately 
linked to its metabolism. Simultaneously with 
research ongoing in the area of vitamin A 
function, there has been a great deal of stim- 
ulating work in the area of vitamin A metab- 
olism. Of interest has been the work of Wolf 
and De Luca, who have focused on retinyl 
phosphate as the metabolically active form of 
retinol. Retinyl phosphate has been detected 
in several tissues and is biologically (growth 
response) as active as retinol (27, 28). Retinyl 
phosphate combines with monosaccharides 
such as mannose and can transfer this sugar 
to a protein (24). The physiological signifi- 
cance of retinyl phosphate and the sugar-lipid 
intermediate formed remains to be estab- 
lished. 

Extensive research has developed around 
the concept that retinoic acid or a metabolite 
of it might be the "active form" of vitamin 
A for its somatic function. This concept con- 
tinues to be viable because reductive metab- 
olism (to retinol, retinal, or retinyl esters) does 
not appear to occur in vivo. Storage forms 
(retinyl esters) are not generated and the me- 
tabolism of retinoic acid is rapid. Metabolism 
of retinoic acid is still not fully elucidated and 
thus metabolites remain yet to be identified 
and tested for vitamin A activity. 

Several important developments have sig- 
nificantly contributed to the understanding of 
metabolism of retinoic acid: 

( 1 ) The realization that retinoic acid exists 
in many tissues and is a physiological metab- 



olite of all known vitamin A-active com- 
pounds (29-32). This knowledge confirmed 
what was previously only q)eculation con- 
cerning the important role of retinoic acid as 
a vitamin A-active compound. 

(2) The discovery that vitamin A com- 
pounds have anticarcinogenic potential and 
that among natural vitamin A compounds 
retinoic acid is the most promising antitumor 
agent (33-35). This finding has generated a 
tremendous interest within the medical field 
and has expanded our understanding of vi- 
tamin A in nutrition and metabolism. 

(3) Geometric isomers of retinoic acid oc- 
cur in vivo in certain target organs and may 
have physiological functions (36, 37). 

(4) The development of new chromato- 
graphic and isolation technology for the sep- 
aration of organic compounds. Methods such 
as liquid-gel partition chromatography (30, 
38), improved isolation methods (36, 39), and 
especially high-pressure liquid chromatogra- 
phy [HPLC] (40-42) have practically revo- 
lutionized the field of vitamin A metabolism 
aUowing separation of vitamin A compounds 
from each other and their isomers. Unfortu- 
nately, much of the earlier work on vitamin 
A compounds must now be viewed with some 
reservation because earlier methods permit- 
ted the destruction of the very labile vitamin 
A compounds. 

It has now been possible to characterize 
several tissue metabolites of retinoic acid. One 
such metabolite is S,6-epoxyretinoic acid (43), 
previously thought to be a highly active vi- 
tamin A compound (44, 45), but now proven 
to be almost totally inactive (46). Other re- 
cently identified metabolites of retinoic add 
include 4-oxoretinoic acid and 4-hydroxy- 
retinoic acid (47, 48); they, too, are biologi- 
cally inactive and represent early catabolic 
products of vitamin A metabolism. 

Another newly characterized metabolite of 
retinoic acid is retinoyl glucuronide (49-51) 
originally isolated and studied by Olson and 
co-workers (52-54). Postulated to be primar- 
ily a biliary metabolite of retinoic acid, reti- 
noyl glucuronide was found to be 30-100% 
as active as all-/ra;i5-retinoic acid (52) and has 
been thought to represent the major excretory 
product of retinoic acid metabolism (53). 
However, the recent demonstration of only 
very small amounts of all-/ra«5-retinoyl glue- 
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uronide in bile (49-51) suggests that glucu- 
ronidation is a minor metabolic pathway for 
retinoic acid elimination. The excretion of 
other polar metabolites of retinoic acid as 
glucuronides is, however, very probable. 

Of particular interest is the report that ret- 
inoyl glucuronide is the major intestinal me- 
tabolite from administered physiological con- 
centrations of retinoic acid to vitamin A-de- 
fident, bile duct-cannulated rats (36). The 
authors suggest that glucuronidation of reti- 
noic acid to form the mixed anhydride^ketal, 
may have a physiological function in tissues. 

Another recent finding is that in the intes- 
tinal mucosa, a target tissue for vitamin A 
action, retinoic acid exists in an equilibrium 
mixture, 2: 1 , of its diX-trans and 1 'i<is forms, 
respectively (36). Although both forms appear 
to be equally active in the somatic function 
(growth response) (55), it has not been estab- 
lished if each form is active on its own ac- 
count or because of a conversion to the other 
isomer. It is possible that in vivo isomerization 
of aU-/ran5-retinoic acid is crucial to the cel- 
lular function of retinoic acid. Thus, \3-cis 
isomerization may be the initial physiological 
event in the action of retinoic acid at the cel- 
lular level, followed by further metabolic re- 
actions. This idea gains support firom studies 
with vitamin A-deficient rats: in the smaU in- 
testinal mucosa of retinoic acid-dosed, bile 
duct-cannulated rats a similar equilibrium ex- 
ists between the 13-c/5 and ail-trans retinoyl 
glucuronides (36). Also, the \3-cis isomer of 
4-keto-retinoic acid, although inactive, has 
been found to be a metabolite of sAl'trans- 
retinoic acid in liver (48). Recently, several 
isomers of retinoic acid have been detected in 
varying amounts in a number of tissues after 
administration of aU-Zran^-retinoic acid to vi- 
tamin A-sufficient rats (37). Cis-trans isomers 
of retinol and retinal are also present in livers 
of mammals, birds, and fish (56, 57), sug- 
gesting that they are naturaUy occurring forms 
of vitamin A. The importance of isomeriza- 
tion for a particular expression of vitamin A 
activity thus may not be limited only to the 
rhodopsin cycle in retina but may be of a 
more universal occurrence. 

Progress in elucidation of vitamin A me^ 
tabolism has not yet led to an understanding 
of the function of vitamin A. Presently the 
function of this vitamin can not be explained 
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Fig. 1 . Structure of vitamin A. 

by a single unifying mechanism involving a 
common metabolic intermediate. Equally ac- 
tive forms of vitamin A, such as retinol, ret- 
inal, and retinoic acid, may in fact each act 
by divergent mechanisms and may possibly 
even affect different functions in specific tar- 
get tissues. 

A brief examination of the vitamin A mol- 
ecule (Fig. 1 ) reveals three important features: 
( 1 ) a hydrophobic head: the /3-ionone ring; (2) 
a conjugated isoprenoid side chain: this con- 
jugated double bond system lends itself to 
isomerization (by light, or enzyme, or heat) 
and thus allows for a change in shape of the 
molecule; (3) a polar terminal group that can 
be enzymatically or chemically modified to 
become an ester as in retinyl palmitate or an 
aldehyde (-CHO) as in retinal or be oxidized 
to a very polar carboxylic (-COOH) group as 
in retinoic acid. 

It is clear that a molecule with such diverse 
chemical properties of its components may 
readily enter into several different biochemi- 
cal reactions, the choice of reaction type gov- 
erned by endogenous and exogenous influ- 
ences in the biological environment sur- 
rounding it. 

Our discussion to follow is primarily di- 
rected at an examination of the current un- 
derstanding of physiological function(s) of vi- 
tamin A in light of present and past concepts 
of possible mechanism(s) of action. 

Visual Function of Vitamin A. Vitamin A, 
because of the diversity of its molecular com- 
ponents, can serve in various different bio- 
chemical functions at the molecular level. It 
is obvious that in the course of evolution ad- 
vanced organisms have utilized this unique 
molecule in several biological systems. 

The best example is the function of vitamin 
A aldehyde, retinal, in vision. A change in 
shape of the molecule, such as that resulting 
from isomerization of aU-/raAi5-retinal to 11- 
cis form, aUows this molecule to fit the surface 
of a specific glycoprotein, opsin, located in the 
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rods of the retina, ^^iiere it is bound to protein 
in an imine linkage (Schiff base). Here retinal 
acts as a specific chromophore that responds 
to uliite light b\' isomerization to all-/raii5 
form, releasing retinal from the protein and 
thus causing a change in chaige distribution 
on the protein and initiating ev-ents that lead 
to neurotransmission. This process was dis- 
covered b\' Wald (8) and has been intensively 
studied and reviewed (S. 6). 

The unique prc^^erties of vitamin A are also 
thought to account for o^or perception. In 
the cones of the retina. 1 l-ci5-retinal fits into 
three specific cone opsins, each of which pro- 
vides a difierent environment in terms of dis- 
tribution of negative charges along the length 
of the molecule and enaMes retinal to absorb 
at visible (longer) wavelengths (bathochrome 
shift). When a wav^dength characteristic of a 
certain color (eg., red) enters the e>'e. the 1 1- 
cis retinal that is bound to opsin in the "^red^ 
cones can absorb this light and is isomcrized 
to its all-mzris fcwm. This change in shape of 
the molecule dissociates the chemical bonds 
between retinal and the proteiru causes a re- 
distribution of charges and a change in cur- 
rent that finally results in a signal to brain, 
percciv^ as red color. 

This experimental model for color percep- 
tion, described above, has been recently pro- 
posed bv Honig et al. (58. 59) and is expected 
to be ap|4icable to aO color-perceiving visual 
sv'stcms. 

Mudi of the understanding of the role of 
retinal as chromophore stems from studies on 
the purple membrane in Halobacterium hal- 
obium (60-63). This membrane contains the 
protein bacteriorhodopsin with aU-zrons- and 
I3-a5-retinal as its chromoplKMe. Since bac- 
tenorhodopsin is a small molecule (in con- 
tiast to the large protein molecules in rods 
and cones of the vertebrate eye), it has been 
possible to p rogres s much more rapidly in un- 
derstanding the functioning of the protein- 
retinal complex, the chemistry of wliicfa is 
similar to that of the visual pigment, rbodop- 
sin. In the bacterial membrane svstem the en- 
erg\ of Ugbt. absorbed bv' the retinal chro- 
mophore on the bacteriofhodopsin. is con- 
verted into an ekctrocfaemica] proton gradient 
across the mcmbnuie. providing a source of 
cneig> for this unusual sah-adapted micro- 
otganism. 



Thus, molecular ftinctions of several retio 
pigments have been dearly estaMished. Ev< 
as bacteriorhodopsin is a light-driven prot< 
pump (6 1-63). another retinal pigment, hal 
rhodopsin. has been found to ftinction as 
light-driven sodium ion pump (64). Final! 
in higher organisms, rhodopsin in the eye e 
ables them to utilize the visible region oft 
spectrum and transform a light stimulus in 
an electrical signal that causes neurotrai 
mission and perception of dim light and, pc 
siMy, also perception of o^or. 

The specific protein-retinal interactio 
that enable vitamin A to perform light-a 
sorbing functions are dependent not only < 
the photosensitivit>' of retinal because of co 
jugaited double-bond system, but also on b 
drophobic p ro p er ti es of the ^ionone ring 
the molecule and on the reactivitv* of the ; 
dehyde group on the side chain terminal; 
parts of the molecule are essential for this bi 
chemical event to be accomplished. 

Differeniiaiion. It is universally accepted tfa 
vitamin A is required for growth and diffi 
entiation. These functions, however, are i 
separaUe processes in higher organisms, i 
volving comfdex functioning of many tissu 
and cells. Indeed, the earliest symptom of ' 
tamin A deficiency — a loss of appetite and ; 
ensuing decrease of growth, is followed 1 
multiple changes in tissue morphologv\ mosi 
involving changes in epithelial tissue difii 
entiation. All this inevitablv' points to an i 
volvement of vitamin A in some very fu 
damental process. 

A general observation of the eflect c^ 
tamin A upon differentiation is that the ' 
tamin most certainly exerts its action up 
bipotential cells: cells that have retained th 
differentiating abilitv' in the growing and n 
ture animal and can diflbentiate in nKxe th 
one directiorL Vitamin A deficiency eflects 
the odUular levd are most readily seen in the 
differentiating tissues that have a rapid tui 
over rate, sudi as epithdia of oral cavity, i 
spirator\' tract, gastrcnntestinal tract, uiiiu 
tract, arid ducts of various secretory glands < 
3. 6. 65). Similariv'. effects of vitamin A i 
embryonic development (66-68). devek 
ment of bone and teeth (69. 70). maintenan 
of spemutQgenesb (7. 71). and limb rqgc 
entkm (72-75) have also been rxpiainrd 
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an effect upon differentiation. Eariy (76) as 
well as recent (reviewed in (25)) studies with 
cell cultures have substantiated the involve^ 
ment of vitamin A in cellular differentiation. 

R^ulation of differentiation of eukaryotic 
cells is still one of the major unsolved prob- 
lems in biology. Programming of cell function 
has multiple control mechanisms that are in- 
directly influenced by environmental factors. 
It has become increasingly clear that vitamin 
A nutrituie may be one such factor involved 
in rqmlation of differentiation of certain tis- 
sues. 

It is well established that lowered immu- 
noresponsiveness is a sign of vitamin A de^ 
fidency (reviewed in (6, 77, 78)) and that an 
increased level of dietary vitamin A provides 
protection against infection (reviewed in (77)). 
C!eitain xenobiotics, such as TCDD (tetra- 
chl(m)diphenyldioxane) (79, 80), ethanol (81), 
phenobarbital (82, 83), PBB (polybrominated 
biphenyls), and PCB (polychlorinated biphe^ 
nyls) (84-86) increase vitamin A turnover 
fix>m liver stores. Other stress factors, such as 
infection, accentuate vitamin A utilization and 
decrease assimilation ((87), reviewed in (88)). 
It is clear that optimal vitamin A stores and 
intake have a protective effect against adverse 
enviromental factors that could lead to mis- 
guided gene expression and altered cell phe^ 
notype. A case in point is the accumulating 
epidemiological evidence that adequate vita- 
min A nutriture has a significant protective 
effect against lung cancer in smokers (89, 90). 

Differentiation is almost certainly based 
upon gene expression. Many biochemical 
studies suggest that vitamin A affects nuclear 
events ((9 1-98), reviewed in (6)), but the exact 
molecular site of its action has not been iden- 
tified. 

The mechanism of action of steroid hor- 
mone^induced differentiation has been suc- 
cessfully explored by the receptor model (99, 
100); this model proposes that specific pro- 
teins facilitate interactions with nucleus. The 
model is also being applied to study the role 
of vitamin A in differentiation. This approach 
to elucidation of vitamin A function at the 
molecular level, pioneered by Chytil and Ong 
(16, 17, 101), has gained wide acceptance be- 
cause cytosolic and nuclear binding proteins 
for vitamin A-active compounds have been 
found in many tissues (16-23) and their con- 



centrations appear to be regulated by vitamin 
A status (101). 

Additional support that vitamin A modifies 
genomic expression comes from the recent 
demonstration of nuclear binding of retinol 
in liver (18, 23) and the observation that ret- 
inol regulates the concentration of poly(A) 
RNA (mRNA) in several target tissues (97, 
101). In epidermal cells it has been possible 
to correlate alterations in mRNA concentra- 
tion with appearance of specific keratins (97, 
98). The exact nuclear sites of these events 
remain to be identified. 

Cellular binding proteins for vitamin A-ac- 
tive compounds have also been detected in 
some transformed cells (( 1 6) reviewed in (25)), 
suggesting that a vitamin A-receptor complex 
is involved in expression of the anticarcino- 
genic properties of this vitamin. Presence of 
cellular binding proteins, however, does not 
always correlate with retinoid-induced effects 
on proliferation or differentiation. 

Although the receptor model is an excellent 
tool for investigating the specific site of action 
of vitamin A at the molecular level, this 
mechanism may not account for all vitamin 
A functions. A correlation between the pres- 
ence of cellular vitamin A binding proteins 
and gene regulation is not of universal oc- 
currence. An example is the abundance in the 
retina of "receptors" for almost every known 
vitamin A-active compound (26, 103), while 
retina is a tissue where the function of vitamin 
A in the visual cycle is known not to involve 
gene expression. Thus the physiological func- 
tion(s) of these cellular binding proteins is not 
clear. There is recent evidence that in retina 
the proteins may function as inter- and in- 
tracellular carriers for the various forms of 
vitamin A (26, 102, 103). It is also possible 
that the proteins may be enzymes for the in- 
terconversion of the vitamin A compounds 
or they may be needed to stabilize the labile 
vitamin A compounds or to decrease the tox- 
icity of free retinol and retinoic acid (104). 

An ai^gument against the receptor model 
has been raised in view of the data that there 
are vitamin A target tissues without detectable 
vitamin A-binding proteins as well as that 
there are nontaiget tissues containing binding 
proteins (16, 17). It is likely, however, that 
these discrepancies exist because of our pres- 
ent incomplete knowledge of vitamin A target 
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tissues and the inability to detect small 
amounts of vitamin A binding proteins. The 
availability and application of sensitive im- 
munochemical (105, 106) and radioimmu- 
noassay (103, 107, 108) techniques may ab- 
rogate these differences. 

The striking morphological changes in cer- 
tain epithelial tissues that are the result of al- 
terations in vitamin A nutrition (3, 5, 6, 65), 
are often accompanied by altered mucus se- 
cretion. Thus, a role of vitamin A in glyco- 
protein metabolism has been suggested to ex- 
plain its effect on differentiation (5, 6, 24). 
The ability of vitamin A to alter glycoprotein 
biosynthesis has been documented in many 
in vivo and in vitro systems (5, 6, 24). Wolf 
and De Luca propose a coenzyme role for 
vitamin A, where retinol, as retinyl-phos- 
phate-sugar complex, functions in mem- 
branes in post-translational transfer of mono- 
saccharides to an acceptor protein, this 
resulting in synthesis of a specific glycopro- 
tein that may affect cellular differentiation 
(5, 6, 24). 

At the present time it has not been possible 
to demonstrate the existence of a protein that 
specifically accepts a sugar moiety from 
vitamin A. Furthermore, the model is not 
applicable to retinoic acid, even though this 
vitamin A-active compound stimulates gly- 
coprotein synthesis and fulfills the somatic 
functions of vitamin A. Also lacking is a 
working hypothesis as to how a change in the 
biosynthesis of a vitamin A-dependent gly- 
coprotein might result in modulation of cel- 
lular phenotype. 

The demonstration that retinoic acid can 
regulate release of the glycoprotein, fibronec- 
tin, in an enucleated cell (109) indicates that 
cytoplasmic function may be another molec- 
ular mechanism for vitamin A. 

b. Growth. Elucidation of somatic func- 
tions of vitamin A becomes even more com- 
plicated in the light of some important con- 
cepts of vitamin A action that have received 
very limited attention. 

Pathological lesions associated with vita- 
min A deficiency in animals have been de- 
scribed in great detail (2, 3, 1 10), but it is not 
known what initial biochemical events are re- 
sponsible for the eventual morphological 
changes. Physiological and biochemical 
changes have been observed in young animals 



when their dietary vitamin A is withhdd even 
though they still have adequate amounts of 
vitamin A stored in their livers, and therefixe 
have an endogenous supply of vitamin A that 
is supposedly '"available'" for release to needy 
tissues. The outward appearance of such an- 
imals, their growth rate, and their serum vi- 
tamin A give no indication of an ensuing 
vitamin A deficiency; the animals are in ap- 
parent good health. However, the devri- 
opment of tissues that have been examined 
was found to be restricted (77, 1 1 1). One ex- 
planation could be that the amount of vita- 
min A adequate to maintain body weight and 
general health may not be sufficient for op- 
timal growth and development of all tissues, 
as is the case with testes (1 12). The meclia- 
nism(s) regulating the release of retinol-RBP 
from liver of normal animals is not under- 
stood. This process might partially depend on 
newly absorbed (dietary) vitamin A, mostly 
retinyl esters. In the absence of this exogenous 
stimulus, the rate of release of the retinol- 
RBP complex may be sufficient to keep the 
blood concentration of retinol normal, but 
ruH sufficient to satisfy the needs of rs^^ridly 
proliferating tissues. 

The principal cause of an impairment in 
growth in a nutritional insufficiency might be 
connected with alterations in protein metab- 
olism (113). The initial biochemical effect thus 
could be either at the nuclear level or epige- 
netic; for example, some function of vitamin 
A may be concerned with maintenance of sta- 
bility or specificity of complex proteins, par- 
ticularly in membranes. 

Recent studies have provided evidence that 
rapidly proliferating tissues are very sensitive 
to suboptimal vitamin A nutrition: DNA syn- 
thesis phase in the small intestinal crypt cells 
is prolonged (111), addition of new cells to 
growing organs is decreased (77), and DNA 
labeling index (114), cell mitoses (115), and 
DNA synthesis (116, 117) are decreased in 
several tissues of animals prior to manifes- 
tation of external deficiency symptoms. The 
lowering in DNA synthesis activity may be a 
conservation mechanism for vitamin A in the 
presence of a limited supply of this micro- 
nutrient. Under suboptimal nutritional con- 
ditions, cells cease to multiply and, to survive, 
may revert to a differentiated state that is bet- 
ter adapted to existing nutritional conditions. 



FUNCTION OF VITAMIN A 



145 



oral effects in target tissues of decreased 
synthetic activity, followed by hyper- 
, might also be explained by a prolif- 
c dependence for vitamin A in rapidly 
ng target cells. Such cells would be 
xl in Go permitting other juxtaposed 
not dependent on vitamin A, to con- 
proliferating. Recent in vivo experi- 
i, using vitamin A-depleted and -re- 
1 animals, suggest that both mechanisms 
yt operating simultaneously in tracheal 
Jium (114, 118, 119). Whether these 
jcs in cellular behavior caused by vita- 
K insufficiency are phenotypic altera- 
of target cells or the "overgrowth" of 
nondependent cell types in vivOy cannot 
swered with our present knowledge, 
dies with rats in germ-free environment 
121) have been very useful in separating 
IS components associated with vitamin 
ction: growth, differentiation, reproduc- 
vision. The germ-free experimental 
I illustrates clearly the vitamin A re- 
nent for reproduction, vision in the dark, 
pithelial tissue differentiation: such an- 
cannot reproduce or see in the dailc; 
epithelia undeigo keratinization; de- 
lated keratinized debris obstructs vital 
yss to organs and is often the primary 
of death of the animal, 
the germ-free environment rats can live 
laintain their body weight in the absence 
imin A. The experimental model illus- 
a very important concept: if all stresses 
moved, animals can survive without vi- 
A. However, if demands are imposed 
the body, such as growth or need for 
tissue regeneration or turnover, the an- 
must have vitamin A to survive. This 
pt is also supported by the observation 
he requirement of vitamin A depends 
I rate of growth (122-126, also reviewed 
). Similarly, bone lesions due to inade- 
vitamin A nutrition are observed only 
ung, growing animals (2-6) and are 
Uy related to the need for this vitamin 
3liferation and differentiation of bone 
particularly osteoblasts and osteoclasts, 
te extensive studies with hypo- and hy- 
aminotic-A animals (2-6), regulation by 
in A of bone growth and development 
completely obscure. 
|irod«ctioiL The requirement of vitamin 



A for reproductive functions in higher ani- 
mals has been known since 1922 (127). In 
studies with animals restricted to vitamin A- 
deficient diets and repleted with various active 
forms of vitamin A, Thompson et al. (7) es- 
tablished a dichotomy of vitamin A function: 
while retinoic acid maintained somatic epi- 
thelial function in testes, it did not maintain 
germinal epithelium or spermatocytogenesis. 
The reduced forms of vitamin A, retinol, or 
retinal, are required for these functions. In 
female rats, hormone production, oogenesis, 
fertilization, and implantation are supported 
equally well by retinoic acid, retinol, and ret- 
inal, but the reduced forms are required for 
placental and fetal development. 

Recent studies, however, suggest that in ad- 
dition to its general, somatic role in epithelial 
maintenance, retinoic acid does have a spe- 
cific function in testes: it supports testosterone 
biosynthesis in Leydig (interstitial) cells ( 1 28). 
Both retinol and retinoic acid appear to be 
required for complete testicular fUnction. It 
remains to be determined why retinoic acid 
alone can support spermatogenesis and oo- 
genesis in birds (129). 

The partial vitamin A activity of retinoic 
acid has been very useful in sorting out the 
various functions of vitamin A, particularly 
in separating the multiple somatic lesions (that 
often lead to complicating consequences) from 
the more specific effect of vitamin A on re- 
production (and vision). At this time it is still 
not clear what biochemical systems are in- 
volved. 

Wald and Dowling suggested (9) that reti- 
nol serves merely as a precursor to two active 
forms of vitamin A: retinal and retinoic acid. 
This idea is still a valid model for proposing 
a function for retinal in reproduction: (a.) ret- 
inal supports all aspects of reproduction (7); 
(b.) retinol-retinal interconversions occur in 
tissues ((30, 130) discussed in (6)). Cellular 
binding proteins for retinal have been de- 
tected in eye tissues (26, 102, 158); no data 
on other tissues are available. At this time one 
can not assume that retinal is functional only 
in vision. Present evidence supports the con- 
cept that reproduction in higher animals is an 
example of a specialized system that utilizes 
several available active forms of vitamin A, 
each for its unique potential. 

The mechanisms of action of vitamin A 
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proposed for mamtenanot of growdi and dtf- 
ferenttation have abo been sngpr^trd for the 
fbnctiofi of vHafnin A in reproduction. Cei- 
hilar binding proteins for both rctinol and ret- 
tnofc acid have been isolated from testes, ovary 
and uterus ( 1 6), oviduct ( 1 3 1 ) and mammary 
giamd (132), Extensive studies with testicular 
retinoid and retinoic acid-speciiic binding pro- 
teins have strengthened the view that the ac- 
tion of vitamin A compounds in reproduction 
is mediated by speciiic intraceflular carrier 
proteins and that vitamin A exerts its eflfect 
on reproduction at the gene level via a nudear 
receptor, 

Menbraae Pbenoaena. Vitamin A^ when 
added in excess to biotogical systems, acts on 
cellular membranes and glycocalyx. Mem- 
brane effects have shown a high d^ree of cor- 
relation with biologica] activity. As a resuh of 
these observations as well as the surface-active 
effect of vitamin A (see Fig. 1), a working 
hypothesis has been proposed by Lucy (133) 
that one function of this vitamin may be to 
physically alter lipoprotein membranes and 
thus to affect differentiation. 

Effects of vitamin A on membrane struc- 
ture and function have been studied exten- 
sively in biological and physical experimental 
systems. When high nonphysiological con- 
centrations of vitamin A are employed, bio- 
logical studies demonstrate that free retinol 
(not bound to its physiological carrier, RBP), 
labilizes membranes causing leakage of en- 
zymes (134-136). Lucy (133) has suggested 
that physiological concentration of vitamin A 
might similarly regulate release of membrane- 
enclosed enzymes essential for normal met- 
abolic processes and thus account for the var- 
ied functions influenced by vitamin A. 

For explanation of the physiological func- 
tion of vitamin A the membrane model has 
been discounted at this time, since there are 
several lines of evidence that indicate that the 
hypervitaminotic effects of vitamin A are not 
related to the physiological function of this 
vitamin. For example, a-retinol, an analog of 
retinol capable of producing the membrane 
effects, has very low growth-promoting activ- 
ity ( 1 35). Also, an excessive amount of reti- 
nol, when added to cell culture in its physi- 
ologically circulating form (bound to RBP), 
did not cause the deleterious alterations in 
membrane structure and function that are as- 



sociated with the action of free retinol (137). 
Furthermore, considering the very low con- 
centration of vitamin A in membianes (ex- 
cept in the me m br an e discs of retinal rodsX 
it is difficuh to envision this compound in the 
role of a structural component. 

Much of the available evidence, however, 
does point to membranes as the most likdy 
biological structures for the site of action of 
vitamin A (138-144). Abo, length of the vi- 
tamin A molecule is ap pr o priate to span 
the lipid bilaycr of some cellular mem- 
branes (145). 

Although vitamin A is distributed among 
various soluble intracellular compartments, 
some of it is always associated with membra- 
nous structures (138, 139, 146, 147). Fur- 
thermore, in recent studies demonstrating the 
delivery of retinol via cellular receptor to nu- 
cleus, it was noted that free retinol was as- 
sociated with the nuclear membrane (23). 

Evidence is increasing that membranous 
structures play an essential part in many cel- 
lular events. Since vitamin A influences the 
biosynthesis of glycoproteins^ characteristic 
components of membranes, it may affect cel- 
lular differentiation by a nonnuclear mecha- 
nism. Glycoproteins on the surface of mam- 
malian cells are important in a variety of 
membrane-mediated frinctions, such as cell 
adhesion and communication. In vitro studies 
have demonstrated that these cellular inter- 
actions are affected by vitamin A ((140-143), 
reviewed in (25)). Evidence also suggests that 
changes in membrane glycosylation affect cell 
surface recognition mechanisms (148-150) 
and that glycosylation of membrane-asso- 
ciated proteins may be an integral part of cel- 
lular differentiation (151). 

Recent morphogenesis studies indicate that 
vitamin A compounds exert striking systemic 
effects on the anatomical patterns of regen- 
erating limbs in amphibians (72-75) and de- 
veloping limb buds in chick and mouse ( 1 52- 
155). Maden (74) suggests that the effect of 
retinoids on cell surface glycoprotein glyco- 
sylation, on gap junction formation, and on 
secretion of matrix proteins may be respon- 
sible for alterations in cellular communica- 
tion during limb pattern formation and thus 
may influence the determination and mainte- 
nance of tissue positional information. 

The highly reactive nature of the molecular 
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es of vitamin A indicates that this com- 
id could be involved in dectron transfer. 
f ((133), see also (6)) has suggested that 
ttin A may be involved in the dearon 
fer chain of the membrane-bound en- 
» [e.g., Cyt /'45<rniixed function oxi- 
s] in microsomes. This possibility is 
igthened by the observation in model sys- 

that flavins catalyze the isomerization of 
al(lS6). 

ucidation of the molecular function 
;tinal as a photosensitive chromophore, 
niully demonstrates how the various parts 
te vitamin A molecule can be utilized by 
:ell to accomplish a biological task. The 
oprocess (photoisomerization) induces a 
ormational change in membrane protein, 
leading to an increased permeability of 
nembrane to ions and to the consequent 
ration of a charge. While not directly ap- 
ible to the elucidation of other physio- 
al functions of vitamin A, the retinal 
mophore does provide us with an addi- 
il working model: in the somatic cells vi- 
n A-active compounds could be enzy- 
'colly isomerized and then utilized, in a 
lar fashion, to perform some fiindamen- 
iochemical function. 

is definitely premature to speculate 
lier some action of vitamin A at the gene 

affects membrane function or whether 
I function of vitamin A at the membrane 
liters gene expression. 
inclusions. All available evidence indi- 
» that vitamin A has a very complex fiinc- 
in the body, involving cellular prolifer- 
I, differentiation, as well as specialized 
tions, such as vision and reproduction, 
le search for a link between a biochem- 
reaction, initiated by vitamin A, and a 
iological or morphological change, has 
ressed in several directions. The follow- 
models are being explored to study the 
lation of molecular events by vitamin A: 

) Isomerization of vitamin A to affect 
brmation and charge of complex pro- 
;. Although this model has been usefiil to 
date the function of vitamin A in vision, 
X it has not been found applicable to so- 
c functions of this vitamin. It is likely that 
gher organisms an enzymatic isomeriza- 
will link a critical biochemical event 



to the physiological change elicited by 
vitamin A. 

(2) Regulation of nuclear events via spe^ 
cific vitamin A-<ellular binding protein com- 
plexes. This model appears to explain the ef- 
fect of vitamin A in certain target epithelia. 
However, specific alterations in proliferative 
or diflferentiative response do not always cor- 
relate with presence of vitamin A binding pro- 
teins. 

(3) Modulation of glycoprotein biosyn- 
thesis by participation in sugar transfer re- 
actions. The importance of glycoprotein pro- 
cessing in cellular control mechanisms makes 
this hypothesis attractive. Oemonstration of 
a specific protein acceptor and identification 
of a retinoic acid intermediate would further 
substantiate this hypothesis. 

(4) Membrane phenomena. It is possible 
that the ability to penetrate and modify bio- 
logical membranes is the basis for some phys- 
iological activity of vitamin A such as stabi- 
lizing complex protein, i.e., membrane-bound 
enzymes. 

(5) Electron transfer. The conjugated dou- 
ble-lx)nd system of vitamin A molecule can 
provide an electron mobility that might be 
utilized for some systemic actions. 

It is certain that a single unifying mecha- 
nism cannot explain the molecular action of 
vitamin A. Several active forms of this vita- 
min exist in the body: retinol, retinal, and 
retinoic acid. They may function each in a 
specific tissue or simultaneously in the same 
tissue, possibly each modulating cellular be- 
havior by a different mode of action. 

The significance of retinoic acid is still not 
clear. Is retinoic acid a partially active me- 
tabolite of vitamin A or must retinol and ret- 
inal be converted to retinoic acid for the vi- 
tamin A function in growth and maintenance 
of somatic epithelial tissues? So far, it is not 
known whether the biochemical event caused 
by retinoic acid is specific only for retinoic 
acid, because the reduced forms of vitamin A 
are as effective as retinoic acid and can be 
physiologically metabolized to retinoic acid. 
A specific function could be ascribed to re- 
tinoic acid with the demonstration of a dif- 
ferentiation product specific only for retinoic 
acid in a target tissue that responds to all forms 
of vitamin A. 
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Addendum. Vitamin A research has been 
characterized by a considerable progress in 
recent years. This is reflected not only in the 
vast number of publications in the area, but 
also in the availability of several excellent re- 
cent reviews. Particulariy informative is the 
comprehensive survey and evaluation of the 
vitamin A field by Wolf (6). Other recent re- 
views dealing with specific areas include: an 
update of RBP research ( 1 1 ), an examination 
of natural and synthetic vitamin A com- 
pounds (collectively designated as retinoids) 
and their in vivo and in vitro effect on neo- 
plasia (25); a review on the involvement of 
vitamin A in sugar transfer reactions in mam- 
malian membranes (24); a discussion of cel- 
lular binding proteins for vitamin A com- 
pounds (16, 18); a general review of vitamin 
A, including nutritional information, and 
chemical and biological assay procedures (88); 
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Abstract. The chronk effect of TSH on thyroida] cAMP concentrations and release of thyroid 
honnones was investigated using human thyroid tissue in organ culture. Normal human thyroid 
slices were placed in HAM*s F-10 synthetic culture medium in Falcon organ tissue culture dishes, 
and incubated at 37® in a humidified atmosphere of 5% CO2 in air. Medium was changed 
everyday and daily Tj or T4 release was determined using concentration of Tj or T4 in the 
medium. After incubation, slices were transferred to the medium containing 10 mM theophyUine 
and incubated without TSH for an additional 30 min to determine thyroidal cAMP concentra- 
tiofis. Thyroidal cAMP concentratioas in slices incubated with 10 mU/ml of TSH increased 
significantly at 2, 6, and 24 hr and even 00 the 6th day of incubation. Daily T] release was 
significantly increased above control from the 3rd day and daily T4 release from the 4th day to 
the 1 1th day of incubation with 10 mU/ml of TSH. Histologically, almost all foOidcs were 
structurally maintained even 00 the 1 1th day of incubation. These results suggest that both 
thyroidal cAMP coooentnaions and release of thyroid hormones are stimulated chronically by 
TSH. This ocgan cohore system is usefril for investigating chronic eflfects of various materiab 
on human thyroid 1 



Organ culture is an ideal method to observe 
chronic effects of various materiab on human 
thyroids in vitro since the structure of the fol- 
licles is essential for thyroid glandular func- 
tion. However, only a few studies have been 
reported on the function of human thyroid 
tissue in organ culture (1 -5) and none of them 
studied the adenylate cydase-cycbc AMP 
(AC-cAMP) system in tissues and release of 
hormones firom tissues 

The pfesent experiments were undertaken, 
therefore, to observe chronic eflfects of TSH 
on thyroidal cAMP conoentratioiis and re- 
lease of hormones using human thyroid tissue 
in organ culture. 

Materiab wmA Methods. Organ culture. 
Normal human thyroid tissue was obtained 
firom tissues surroimdiiig soKtary nonfunc- 
tioning adenomas in untreated e uthy roid pa- 
tients. Immfdiatdy after thyroid tissues were 
excised, they were transported to the labora- 
tory in HAM^s F-10 synthetic cultore me- 
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dium (Flow Laboratories, Mdean, Va.) con- 
taining 10% fetal bovine serum (Grand Island 
Biological Co,, Grand Island, N.Y.), penicil- 
lin (100 units/ml), and streptomycin (100 /ig/ 
ml) at 4^ Shoes ( 1 .0- 1 .5 mm thick) were made 
with a Stadie-Riggs microtome. These slices 
(15-20 mg) were rinsed with F-10 medium 
and transferred on the sur^Ke of Milhpore 
filters in 7S0 $d of F-10 medium with various 
concentrations of bovine TSH (thytropar. Ar- 
mour Pharmaceutical Co., Phoenix, Ariz.) in 
Falcon organ tissue culture 3037 dishes and 
incubated at 37^ in a humidified atmosphere 
of 5% CO2 in air (Fig. 1). 

Medium was changed daily since the 
amount of medium was insuflkiem for the 
size of slices to obtain good cuhore condi- 
tions. The change of medium was p erformed 
by transfisrring each slice together with the 
Minipore filter to another organ cuhore dish 
containing fresh culture medium. 

All of the above procedures were per- 
formed under sterile conditions. 

ReUate of T) and T4 from thyroid Uice% 
T) and T4 ooocentratioos in mediinn were 
measured by radioimmonoaHay (RIA) aamg 
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HUMAN THYRCMD TISSUE IN ORGAN CULTURE 



(1.0M.5mmJS*20mg) 



CO2 
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/37-C y 
V5%C02^ 
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^ ^Grid 




%i«tcr 



F-10 Medium (750 fi) 

rIO*/. FBS 
ConUining [ PenkiUin (100 IVml) 
i-SH (lOOpg/rm) 

FlG. 1 . Method for oigan culture of norma] human 
thyroid tissue. 



cominercial kits (T3 RIA Kit and T4 RIA Kit, 
Dainabot RI Laboratory, Chiba-Pref., Japan). 
Release of T3 or T4 from thyroid slices were 
calculated from concentrations of T3 or T4 in 
the medium and tissue weight, and expressed 
as picograms or nanograms per milligram 
weight per unit of time, respectively. 

Measurement ofdialyzable Tj and T4 con- 
centrations. Dialysis of incubation medium 
was carried out as previously described (6). 
Six-tenths milliliter of medium was diluted 
with 0.6 ml of phosphate buffer containing 
100 units/ml of penicillin and 100 Mg/ml of 
streptomycin, pH 7.4, ionic strength 0.15. 
One-milliliter aUquots of diluted medium were 
then pipetted into dialysis sacs ( Visking Nojax 



cellulose, 27/32) and were dialyzed against S 
ml of above-mentioned phosphate buffer, 
overnight at 37**. The concentrations of T3 or 
T4 in dialysates were measured by conven- 
tional RIA and expressed as nanograms per 
deciliter per milligram weight of tissue. 

Thyroid cAMP concentrations. After incu- 
bation with or without TSH, slices were tnms- 
ferred to Falcon organ tissue culture dishes 
with 750 Acl of F-10 medium containing 10 
mM theophylline and incubated without TSH 
in a CO2 incubator for an additional 30 min. 
Slices were then quickly frozen in dry ioe- 
acetone. The frozen tissue was immediatdy 
weighed and homogenized in 1 ml ice-cold 
50% acetic acid. The homogenates were cen- 
trifuged at 10,000^ for 15 min at 4"", and the 
supematants were evaporated at 50° and dis- 
solved with 0.05 M sodium acetate buffer, pH 
6.2. The cAMP concentrations in the bufl^ 
were measured by RJA usingcyclic AMP KTT- 
125 (obtained from Mitsui Toatsu, Ltd., 
Tokyo, Japan) and expressed as picomoles per 
milligram weight of tissue. 

Histologic^ examination. In some exper- 
iments, tissues were fixed in isotonic buffered 
formalin (10%, v/v). Thin sections were cut, 
stained with hematoxylin and eosin, and ex- 
amined under a light microscope. 

Results. Daily T3 and T4 release into in- 
cubation medium with or without 10 mU/ml 
of TSH was measured until the 1 1th day of 
incubation (Fig. 2). Daily T3 release increased 
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Fk}. 2. Chronic effect of 10 mU/ml of TSH on Tj and T4 release from cultured human thyroid slkxs. 
The incubation medium was changed everyday and values represent daily Tj and T4 release. Bars indi- 
cate ±SE. 
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gradually until the fifth day of incubation with 
rSH, and significant differences between val- 
les in TSH-stimulated slices and control slices 
vere observed from the third day until the 
1 1th day of incubation. The release of T4 par- 
illeled that of T3 and daily T4 release in TSH- 
»timulated slices was significantly increased 
rom the 4th day of incubation. 

Cyclic AMP concentrations in slices in- 
nibated with 10 mU/ml of TSH increased 
dgnificantly within 2 hr and decreased there- 
ifter until 24 hr. However, no further signif- 
icant decrease was observed after 24 hr 
iiroughout 6 days of incubation. Even after 
i days of incubation, thyroidal cAMP con- 
centrations were significantly higher in TSH- 
treated slices than in controls (Fig. 3). 

Dialyzable T3 and T4 concentrations in in- 
:nibation medium were measured on the sixth 
day of incubation with TSH. Dialyzable T3 
and T4 concentrations increased significantly 
from 1.37 ± 0.14 (control sUces) to 2.81 ± 0.18 
(TSH-stimulated slices) (P < 0.005) and from 
8.5 ± 1.8 to 16.7 ± 1.5 ng/dl/mg wt (P 
< 0.05), respectively. 

When thyroid sUces were incubated with 
various doses of TSH (0.01-10.0 mU/ml), T3 
release on the fifth or sixth day of incubation 
increased in a dose-response manner and the 
increase of T3 release was significant at TSH 
levels as low as 25 fcU/ml (Fig. 4, Table I). 

Figure 5 shows the histology of the slices 



^9 TSH fWflriJMri) 
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Period of Incubation 

Fto. 3. Cyclic AMP concentrations in slices incubated 
with or without TSH for 2, 6, 24, and 48 hr (upper panel), 
and 1, 2, 4, and 6 days (\owtx panel). Thyroidal cAMP 
concentrations were measured after slices were transferred 
to Falcon oigan tissue culture dishes with F-10 medium 
containing 10 mM theophylline and incubated without 
TSH in a CX)2 incubator for an additional 30 min. 
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F)G. 4. Dose-response curve between doses of TSH and 
amounts of Ts release on the sixth day of incubation from 
human thyroid slices. Bars indicate ±SE. 



after 1 1 days of incubation with or without 
10 mU/ml of TSH. The follicular epithelium 
appeared healthy after 1 1 days of incubation 
with or without TSH. In slices incubated with 
TSH, significant reduction of colloid storage 
and peripheral vacuoUation of colloid were 
observed. The height of the epithelial cells was 
greater in TSH-stimulated slices. 

Discussion. In previous publications (1-5), 
some thyroid functions were measured in hu- 
man thyroid tissue in organ culture, i.e., io- 
dine uptake (1,3), its distribution among thy- 
roidal iodoaminoacid (3), and release of la- 
beled hormone from thyroid tissue (3). Other 
reports describe the feasibility of applying tis- 
sue culture to postmortem tissues (2), results 
firom organ culture of human tumors (4), and 
various pathological human thyroids (5). In 
the present experiments, release of hormones 
increased significantly until the 1 1th day of 
incubation with TSH. Furthermore, cyclic 
AMP concentrations were significantly higher 
in slices incubated with TSH than in controls 
even on the sixth day of incubation. 

It has been reported that thyroid cells in 
tissue culture grew for similar periods of time 
as in the present study (7-10). In the absence 
of TSH, thyroid cells grew as a monolayer and 
have characteristics typical of epithelial cells. 
In the presence of TSH, thyroid cells differ- 
entiate to form two-dimensional follicles. The 
lumina of these follicles contain dense ma- 
terial reacting with thyroglobulin antisera and 
the cells can concentrate iodide and synthe- 
size iodinated thyroglobulin (7, 8). Further- 
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TABLE I. Effects of Low Doses of TSH on T3 Release on the Sixth Day 
OF Incubation from Human Thyroid Suces 




Dosages (/iU/ml incubation medium) 


Control 12.5 25.0 


50.0 


T3 release 

(pg/mg wt/day) 232.13 ± 19.43- 300.45 ± 34.58 375.45 ± 48.90* 


642.98 ± 75.56* 



* Values shown represent the mean ± SE of the results obtained from four slices each group. 

* Significantly higher than control (p < 0.05). 



more, cAMP concentrations in cultured thy- 
roid cells increased in response to TSH (10- 
12). However, a maximum increase of cAMP 
concentrations was observed after 10 to 30 
min of stimulation (11, 12), and then cAMP 
concentrations declined rapidly attaining basal 
levels at the fourth day of culture (10). While 
the release of hormone from cultured thyroid 
cells was also increased significantly by TSH 
stimulation, it was maximal at 24 to 48 hr, 
and progressively diminished (13, 14). Thus, 
thyroid cells in tissue culture tend to lose their 
responsiveness to TSH after a period of a few 
days. 

TSH-induced refractoriness has been re- 
ported not only in cultured thyroid cells (14), 
but also in stupes of tissue immersed in buffer 
(16-18). In those reports, the effects of TSH 
on adenylate cyclase-cAMP system, glucose 
oxidation, phospholipid synthesis, oiganifi- 
cation of iodide, and colloid droplet forma- 
tion were observed in thyroid slices previously 
incubated with TSH for several hours. On the 
other hand, there have been several reports of 
patients with TSH-producing tumors whose 
thyroids were continuously secreting exces- 
sive thyroid hormones indicating relative 
nonrefractoriness (19, 20). In the present 
study, using normal human thyroid slices, 
both thyroid cAMP concentrations and re- 
lease of thyroid hormones were stimulated 
chronically by TSH. 

The oigan culture is a useful system to in- 
vestigate chronic effects of various materials 
on human thyroid tissue under conditions in- 
dependent from neural and humoral control. 
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Abstract. Plasma leveb of calcium (Ca), phosphate (P), caidtonin (CTX parathyroid honnone 
(PTH), and prolactin (PRL) fvcre measured at 8, 13, and 17 hr during the 4-day estrous cyde 
of the rat. Ca leveb fell throughout the day during proestnis (PE) and estrus (E). In contrast Ca 
rote transiently during diestrus (Dl, D2). P leveb fluctuated inconsistently at all stages of the 
cycle with the exception of E where P leveb were significantly higher at 13 hr. CT leveb showed 
an increase during Dl and D2 and feU to their lowest values during E, at 13 hr. Daily fluctuations 
in each stage were also recorded. Variations of PTH leveb during the estrous cycle were minor. 
PRL leveb increased sharply during PE. No direct relationship between PRL secretion and CT 
•ecretion could be established. These results indicate that CT but not PTH varies specifically in 
relation to the estrous cycle. They suggest that there is a link between sexual hormones and CT, 
apparently independent of plasma caldum levels. 



Among the several factors affecting calci- 
tonin (CT) levels, sex has recently been shown 
to exert an important influence. For instance, 
Roos et al.(l) and Peng and Gamer (2) have 
observed higher levels of CT in female than 
in male rats during aging. CT levels also vary 
according to the reproductive state. Circulat- 
ing hormone increases during gestation (3) and 
lactation (4) and decreases after ovariectomy 
(3, 6), the lowest values are reached during 
estrous (7). This last finding has prompted us 
to investigate both calcium (Ca) and phos- 
phate (P) levels during the estrous cycle in the 
rat in relation to CT. parathyroid hormone 
(PTH), and prolactin (PRL) fluctuations. As 
diurnal variations of CT levels have been re- 
ported in both male and female rats ( 1 ) blood 
samples were obtained at three different times 
in the day. 

Materials and Methods. Animals. One 
hundred 3-month-old female rats (Wistar CO 
weighing 230 g were housed under controlled 
conditions of temperature, humidity, and light 
(light on 0600 to 1 800 hr). Estrous cycles were 
monitored according to vaginal smears taken 
daily between 8 and 9 hr. Only animals show- 
ing three or more regular 4-day cycles were 
used. During the experimental period, free ac- 
cess to food and water was allowed. Blood 
samples were obtained by retroorbital sinus 
puncture using heparin as an anticoagulant. 
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Plasma was immediately separated at 4° and 
Ca and P estimated directly. Aliquots were 
immediately frozen until assayed for CT, 
PTH, and PRL. 

Calcium and phosphate estimations. Ca was 
estimated by atomic absorption spectropho- 
tometry. P was measured by a colorimetric 
microtechnique (8). 

Radioimmunoassays. CT was estimated by 
a sensitive assay for human CT which shows 
a total cross-reaction with murine CT (9, 10). 
In brief 50 fcl of rat plasma was incubated in 
the presence of antiserum against human CT 
(HCT) at a final dilution of 1/250,000 in 
phosphate-buffered albumin in a total volume 
of 400 Ml for 6 days, then 100 /xl of ^^^I-HCT 
(specific activity 200 AiCi/Mg) was added and 
incubation continued for another 5 days. Free 
and bound hormone were separated by ab- 
sorption on dextran-coated charcoal. Stan- 
dard curves were performed using synthetic 
HCT and protein effects controlled by the ad- 
dition of aiSinity stripped plasma (50 mO (1 1). 

A sensitive RIA for PTH was developed 
using antibodies obtained in the goat (12) 
against 1-34 N terminal fragment of human 
PTH (HPTH) prepared by a solid-phase 
method (13) according to the sequence pro- 
posed by Niall et al. (14). Synthetic 1-34 
HPTH was used both as standard and tracer 
after iodination by chloramine-T (IS). Anti- 
serum was used at a final dilution of 1/250,000 
in barbital buffer, 0.05 A/, pH 8.6, containing 
17% of PTH free (affinity stripped) human 
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u Incubation was carried out for 4 days 
uid then tracer (specific activity 100 
) was added and incubation continued 
lore days; 100 /xl of plasma sample or 
J quantities of standard 1-34 HPTH so- 

in a final volume of 500 /xl were used 
mating unknowns or establishing stan- 
urves. Free and bound hormone were 
;ed by a modified dextran charcoal 
d (16). Nonspecific adsorption was 
lied by the incubation of each un- 

in the absence of antibody. 
. was measured by a radioimmunoas- 

rat prolactin using reagents obtained 
^IIAMDD. Preparation of tracer (spe- 
tivity 1 50 /xCi/Mg) and incubation con- 
. were carried out according to the 
nental protocol recommended by 
DD. 

radioimmunoassay data were com- 
using a spline function (17). 
istical treatment of data. Variance anal- 
is used for all data showing homoge- 
f variances (Bartlett's test) ( 1 8). In case 
ance heterogeneity (PRL) a / test was 
Her due reduction of the number of 
s of freedom (18). 

lilts. Plasma calcium levels. Highly sig- 
it fluctuations (F test, F<0.01) were 
ed during estrous cycle and during the 
a levels were higher at 8 hr PE as com- 
to 8 hr Dl and D2, and higher at 8 hr 
)mpared to 8 hr D2 (F < 0.05) (Table 
dl stages of the cycle, Ca levels declined 
in morning and evening. This fall was 
ant for PE between 8 and 17 hr (F 



< 0.05) and for Dl and D2 between 13 and 
17 hr (F < 0.05) but not significant for E. 

Plasma phosphate levels. P changes were 
similar during the day for all the stages (Table 
I). A significant rise was observed during E 
between 8 and 13 hr (F < 0.02). 

Plasma CT levels. No differences were ob- 
served at 8 hr for all the stages (Fig. 1). High 
values were observed at 1 3 hr D 1 and D2 (D 1 / 
E, F<0.01; D2/E, F<0.02; Dl/PE, F 
<0.05). At 17 hr Dl, the increase in CT 
values persisted (Dl/E, F < 0.01, Dl/PE, 
F < 0.02, D1/D2, F < 0.01) (Fig. 1). 

Plasma PTH levels. The pattern was de- 
void of significant fluctuations during the cy- 
cle or during the day (Fig. 1). 

Plasma PRL levels. PRL levels rose during 
PE, with maximum values at 17 hr, 8 hr/17 
hr, F < 0.002 (Fig. 1). No significant change 
was observed during the rest of the cycle; the 
values were very low (17 ng/ml). 

Discussion. Our previous results showed 
that CT levels fluctuated during the estrous 
cycle of the rat (7). It appears from the data 
reported here that the fluctuations in levels of 
Ca are not correlated with those of CT; the 
physiological secretion of CT seems to be in- 
dependent of variations of blood calcium lev- 
els. The data reported here also confirm our 
previous findings that PTH levels were not 
significantly modified during the cycle. Thus 
the restricted fluctuations in Ca levels cannot 
be ascribed to compensatory changes in PTH 
secretion. It is important to point out that we 
have used an N-terminal assay directed to- 
ward the biologically active part of the mol- 



TABLE I. Plasma Calcum and Phosphate Levels (mg/100 ml) 



8 hours 


16 hours 


17 hours 


Ca 


P 


Ca 


P 


Ca 


P 


n.42±0.12 
n.21 ±0.25 
10.91 ± 0.31* 
10.76 ±0.11- 


5.18 ±0.19 
5.20 ±0.16 
5.51 ±0.26 
5.22 ± 0.30 


11.18 ±0.15 
11.02 ±0.15 
11.19±0.11 
11.21 ±0.16 


5.80 ±0.12 
6.14 ±0.18' 
5.62 ± 0.09 
5.60 ± 0.22 


10.88 ±0.13* 
10.83 ±0.17 
10.64 ± 0.04* 
10.62 ± 0.23' 


5.63 ± 0.27 
5.48 ± 0.27 
5.45 ±0.14 
5.61 ±0.21 



Values arc the mean ± SEM for groups of five animals. PE, proestnis; E, estnis; Dl, diestrus Day 1; D2, 

Day 2. Data were subjected to variance analysis. 

ificantly different from PE, 8 hr (P < 0.05). 

ificanUy different from Dl, 13 hr (P < 0.05). 

ificantly different from D2, 13 hr (F < 0.05). 

ificantly different from E, 8 hr (F < 0.02). 
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Fig. 1 . Plasma PRL, CT, and PTH levels during 4-day estrous cycle. PRL levels rose during PE, reaching 
the highest value at 17 hr, 13 hr/17 hr, P < 0.05; 8 hr/17 hr, P < 0.002. PTH values showed no significant 
variations during the estrous cycle. CT values pattern differed with the hour of the day and with the day 
of the cycle. Higher values were observed on Dl and D2 at 13 hr Dl/E, P < 0.001; D2/E, P < 0.02; Dl/ 
PE, P < 0.05; and at 17 hr on Dl: Dl/E, P < 0.01; Dl/PE, P < 0.02; D1/D2, P < 0.01. Values shown 
are the mean ± SE (vertical lines) for a group of five rats. PE, proestrus; E, estrus; Dl, diestrus Day 1; D2, 
diestrus Day 2. 



ecule. In humans, a distinct increase of PTH 
values has been reported during the midcycle 
when compared to values during the follicular 



and luteal phase, at which time the rise of C 
levels was less distinct and consistent (19 
However, Baran et ai (20) found no change 
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of Both Parathyroid Homione and Phosphate Infusion (41540) 
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Abstract. The present study tested the hypothesis that the combination of parathyroid hormone 
and phosphate infusion would be phosphaturic in phosphate-deprived rats. Oearance experi- 
ments were performed in Sprague-Dawley rats fed a low-phosphate diet for 4 days. The animals 
were first given a phosphate infusion and then administered parathyroid hormone. The reverse 
experiment was also performed in a second group of rats by giving the hormone first followed 
by a phosphate infusion. There was no increase in phosphate excretion in response to phosphate 
infusion or parathyroid hormone given alone. However, the combination of parathyroid hormone 
and phosphate infusions, given in either order, was phosphaturic in phosphate-deprived rats. 



Phosphate deprivation is characterized by 
avid phosphate reabsorption (1, 2) and a 
resistance to the phosphaturic effects of 
parathyroid hormone (3-S) and phosphate in- 
fusions (1, 2, 6). However, whether phos- 
phate-deprived animals are resistant to the si- 
multaneous infusion of phosphate and para- 
thyroid hormone is controversial. 

In a recent study, Moser et al. (7) dem- 
onstrated that both acute and chronic phos- 
phate-deprived rats which were supplemented 
with intraperitoneal injections of phosphate 
to maintain serum phosphate near normal, 
did not develop a hypophosphaturia. These 
investigators attributed a critic^ role for serum 
phosphate in determining urinary phosphate 
excretion during phosphate deprivation. 
However, the administration of phosphate was 
also associated with a significant decrease in 
serum calcium levels which could have stim- 
ulated the release of parathyroid hormone, 
thereby producing a phosphaturia. Conse- 
quently, the authors stated that although the 
administration of parathyroid hormone to 
phosphate-deprived rats is not associated with 
a phosphaturia, they speculated that perhaps 
elevation of serum phosphate by phosphate 
infusion may render the renal tubule respon- 
sive to parathyroid hormone. 

Previous studies in rats, however, have not 
supported such a notion. Bonjour et al. (8) 



' To whom all correspondence should be addressed. 



observed a reduced phosphaturic response to 
parathyroid hormone over a wide range of 
plasma phosphate concentrations in con- 
scious rats fed a low-phosphate diet. On the 
other hand, in a study of long-term phos- 
phate-deprived dogs, Wong et al. (9) found a 
normal phosphaturic response with the in- 
fusion of both parathyroid hormone and 
phosphate. 

Therefore, the present study was performed 
to evaluate whether parathyroid hormone is 
phosphaturic in phosphate-deprived rats in the 
presence of a phosphate infusion. We also 
performed the reverse experiment by giving 
the hormone first, followed by a phosphate 
infusion. 

Methods. Experiments were performed on 
male Sprague-Dawley rats weighing 212-343 
g. The animals were stabilized on a low-phos- 
phate diet (0.07%) (ICN Pharmaceuticals, Inc., 
Qeveland, Ohio) for 4 days prior to the ex- 
periment. Sodium and potassium content was 
supplemented with NaQ and KQ as previ- 
ously described (S). All animals were given 
food and water ad libitum. 

On the day of the experiment, the rats were 
anesthetized with inactin (100 mg/kg) and 
prepared for clearance experiments. The an- 
imals were placed on a heated table, and body 
temperature was monitored with a rectal 
probe. A tracheotomy was performed to clear 
the airway and animals were allowed to 
breathe spontaneously. Catheters were placed 
in jugular veins for infusions, in the carotid 
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Mittry Un titood prcMirt measurement zod 
hUftsd Mmplifig, and in the bladder for urine 
c^Wlectkmi. 

All rau underwent actite thyroparathyroid- 
ecUimy CtVTX) by heat cautery followed by 
a 2^r Ttciyyery jpehod to allow for attainment 
of a Kteady «tate. During the second hour of 
reun^ery, the infusion of a 5% inulin solution 
wa* begun at 1 2 ml/hr for the duration of 
the experiment. At this point one of four pro- 
Uk4}1% was performed: 

(inmp I: Control Pi, Pi. The purpose of 
this prot^xx>l was to evaluate the effects of 
phosphate infusions alone within the same 
time frame as the group given both Pi and 
Fill. Following the recovery period, a 30- 
min clearance period was taken during which 
saline was also infused at 2 ml/hr. After the 
control clearance, the saline was subsequently 
replaced with a phosphate solution calculated 
to deliver phosphate at 2 /xmole/min for the 
duration of the experiment. The phosphate 
solution was made with a 4:1 mixture of di- 
basic:monobasic sodium phosphate salts and 
adjusted to pH 7.4. Phosphate infusion pro- 
ceeded for 1 S min before two 30-min clear- 
ance periods were obtained. An hour was al- 
lowed to elapse followed by two additional 
clearance periods. 

(iroup 2: (Control, Control. PTH. The pur- 
pose of this protocol was to evaluate the ef- 
fects of PI'H alone within the same time frame 
as the group given both Pi and PTH. Follow- 
ing the 2-hr recovery period, a 30-min clear- 
ance period was obtained. In this group, two 
additional 3()-min control clearance periods 
were taken before PTH (Synthetic, 1-34, 
Beckmun Instruments, Palo Alto, Calif.) was 
administered. The hormone was given as a 
bolus ii\jcction (33 units/kg) followed by a 
maintenance infusion (60 units/kg 'hr). The 



infiiskm continued ibr 1 hr before two 30- 
min deaianoe periods were obtained. 

Group 3: ConiroL Pi. P, + PTH. The pur- 
pose of this protocol was lo evaluate the renal 
eflSxts of parathyroid hormone given in the 
presence of an ongoing phosphate infusion. 
The protocol was similar lo Group 1 with the 
exception that PTH was now administered 
during the second hour of phosphate infusion. 
The doses of the hormone are similar to those 
already described in Group 2. 

Group 4: Control, PTH, PTH + P,. The 
purpose of this protocol was to assess the renal 
effects of phosphate infusion given in the pres- 
ence of parathyroid hormone. In this group 
the order was reversed, with parathyroid hw- 
mone being given first, followed by the in- 
fusion of phosphate. 

Inulin concentrations in plasma and urine 
were measured by the anthrone method (10). 
Glomerular filtration rate (GFR) was equated 
with the inulin clearance. Phosphate was 
measured using the Chen method (1 1) and 
calcium was determined by atomic absorp- 
tion spectrometry. Sodium and potassium 
concentrations were measured by flame pho- 
tometry (Instrumentation Laboratory, Inc.). 

All values are expressed as mean ± SE. Sta- 
tistical comparisons were made with paired 
and unpaired t tests. 

Results. Control Experiments: Either Pi of 
PTH alone. The effects of phosphate infusion 
alone in phosphate-deprived TPTX rats 
(Group 1) are presented in Table I. Plasnui 
phosphate concentration increased signifi- 
cantly in response to the infusion of phos- 
phate; however, no increase occurred in phos- 
phate excretion. The high variability in the 
last period was due to results in one animal 
where phosphate excretion did increase. 
Plasma calcium concentration did not change 



I'ARLK I. En-Tns of Phosphate Infusion Alone in Phosphate-Deprived TPTX Rats 



Contml 



Pa 

(mAf) 



2.63 * 0.22 
.V24 t 0.30* 
.V8I tO,}T 



FEr. 

(%) 



(mA/) 



GFR 

(ml/min) 



FEn. 

(%) 



0.13 ±0.06 
0.27 ±0.19 
4.13 ± 3.58 



2.20 ± 0.29 
1.98 ±0.19 
1.58±0.I8» 



2.1 ±0.5 
1.6 ±0.5 
2.0 ± 0.5 



0.29 ±0.18 
0.45 ±0.17 
1.06±0.31» 



BP 

(mm Hg) 



129 ± 13 
127 ± 14 
111 ± 9 



\fi(r. VaIucs air means t SF in five animals. P,^, plasma phosphate; FE^,« fractional excretion of phosphate; Pc^, 
t^Aiinu cak'ium; (il**R. glomerular fihration rate; FEn., fractional excretion of sodium; BP, mean artenal blood 
l^imuir. 

* SigtnilWantly different fmm preceding period, p <. 0.05. 
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TABLE II. Effects of Parathyroid Hormone Alone in Phosphate-Deprived TPTX Rats 



(mA/) 






Pc. 
(mA/) 



GFR 

(ml/min) 



FEn. 

(%) 



BP 

(mm Hg) 



ol 
ol 



2.34 ±0.18 
2.70 ±0.10 
3.23 ±0.10* 



0.09 ± 0.01 
0.07 ±0.01 
1.90 ± 0.72 



2.45 ± 0.08 
2.16 ±0.04* 
2.05 ± 0.05 



2.0 ± 0.2 

2.0 ± 0.2 

2.1 ±0.2 



0.55 ±0.41 
0.99 ± 0.65 
0.53 ±0.10 



134 ±3 
127 ±4 
1 12 ±4* 



\e. Values are means ± SE in six animals. PTH, parathyroid hormone. Other abbreviations as described in 
I. 
ignificantly different from preceding period, p < 0.05. 



ig the first period of phosphate infusion 
ieclined significantly with continued in- 
n. Glomerular filtration rate and mean 
ial blood pressure were not significantly 
ged, although blood pressure tended to 
luring the later stages of the experiment, 
le results of Group 2 rats which were given 
parathyroid hormone appear in Table II. 
na phosphate was significantly increased 
ig inftision of the hormone, but no in- 
e in phosphate excretion was observed, 
na calcium decreased significantly in the 
id control period but upon PTH infusion 
lot decline further. Glomerular filtration 
vas not affected by parathyroid hormone. 
i pressure was sig^cantly decreased, yet 
lined within an acceptable range (i.e., 
) mm Hg). 

cperiments in the presence of both Pi and 
\ In Table III, data are presented from 
ip 3 wherein phosphate was infused first, 
ived by the additional infusion of para- 
>id hormone. In response to the infUsion 
losphate, there was no change in phos- 
5 excretion. The rise in plasma phosphate 
lot statistically significant. There were no 
ficant changes in blood pressure or glo- 
ilar filtration rate. Upon the addition of 
thyroid hormone to the infusion of phos- 
t there was a marked increase in frac- 



tional phosphate excretion from 0.09 to 22.5%. 
The increase in plasma phosphate was vari- 
able and did not attain statistical significance. 
However, plasma calcium decreased progres- 
sively. Mean arterial blood pressure was sig- 
nificantly lower than in the previous period, 
but glomerular filtration rate remained stable. 

In Group 4, the reverse experiment was 
performed in which parathyroid hormone was 
administered first, followed by the combina- 
tion of parathyroid hormone and phosphate 
infusion. The results appear in Tabic IV. The 
administration of parathyroid hormone alone 
did not elicit any significant changes in the 
parameters evaluated. Fractional phosphate 
excretion was not significantly increased and 
the value of approximately 2% was similar to 
that observed in the time control group (Table 
II). The initiation of phosphate infusion in the 
presence of an ongoing infusion of parathy- 
roid hormone resulted in increases in frac- 
tional excretion of phosphate from 2.4 to 
26.4%. Plasma phosphate also increased sig- 
nificantly; however, in this group there were 
no significant changes in plasma calcium. 
Mean arterial blood pressure was significantly 
lower in this period, as had been observed in 
the pievious group. Nonetheless, glomerular 
filtration rate remained stable. 

In these experiments, volume expansion 



TABLE UL Effects of Parathyroid Hormone in thePresence of Phosphate Infusion 
IN Phosphate-Deprived TPTX Rats 



Pa 

(mA/) 



FE^ 

(%) 



Pci 



GFR 

(ml/mui) 



FEs. 



BP 
(mm Hg) 



ol 
PTH 



2.40 ±0.13 
2.65 ±0.17 
3.01 ± 0.37 



0.09 ± om 
0.09 ± om 

22.5 ± 6.4* 



1.91 ±0.12 
l.59±0X)9* 
1.21 ±0.I0* 



2.0 ± 02 
2.0 ± 0.1 
2.2 ±0.1 



0.09 ± 0.03 
0.36 ± 0X)9* 
0.75 ± 0.1 !• 



140 ±9 
131 ±9 
110±9» 



le. Values aie means 



SE in eight animals. Otber abbirvialioos as deKribed in TaUe I. 
fiDin preoodug pc f io d , p < Oj05. 
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TAtLE IV. tfffcr% Of fHOsnuiTt Infumo* iw the Pkes ence of Pakathyiop Hokmowe 
IM fHOtsntAih^yenrf^D TFTX Rats 






FE,.. 



Pc 



GFIt 

(inl/iiiia) 






(mmHg) 



rrH 



2.*) ± 0.25 
2% ±0.13 
3.72 ± 20f 



0.7g ± 0.35 
2.35 ± 1.79 
26.4 ± 9.9^ 



ZOO±OM 



1.7-0.1 
13 ±0.1 
Z3 ± 0.08 



0.47 ± 0.16 
OJI ±0.12 
J2 ± 0^ 



119 ±3 
118 ±5 
121 ±6* 



Nffie. Vahiei are meant ± S£ in m animab. Other jb tM C » Mti ons 
^ .IMfniibcamly diiferenl from precedini period, p < 0X)5. 



as described in Table L 



wa$ minimized, as evident from the fractional 
excretion of sodium which was less than 1% 
in all grouf>s. 

DbcwMiM. The present study tested the 
hypothesis that the combination of parathy- 
roid hormone and phosphate infusion would 
he phosphaturic in rats acutely phosphate de- 
prived. There was no increase in phosphate 
excretion in response to phosphate infusion 
Of parathyroid hormone given alone. How- 
ever, in the presence of both factors given in 
either order, a marked phosphaturia was ev- 
ident. 

Our findings confirm the results in dogs, 
but differ from previous studies in rats. Wong 
et al (9) reported, in a recent study involving 
long-term (30-60 day) phosphate-deprived 
dogs, that a normal phosphaturic response was 
observed with the infusion of both parathy- 
roid hormone and phosphate. On the other 
hand, Bonjour et al. (8) observed a reduced 
phosphaturic response to parathyroid hor- 
mone over a wide range of plasma phosphate 
concentrations, induced by phosphate infu- 
sions, in rats fed a low-phosphate diet. 

There are. however, several fundamental 
differences between the present study and the 
study of Bonjour et ai(i)\t\ rats which should 
be highlighted. Although the diet utilized by 
Bonjour et al. contained more phosphate 
(0.2'X>) than the one used in the present study 
(0.()7'«.), the rats were phosphate-deprived for 
7 days as compared to our 4-day phosphate 
deprivation. Trochlcr et al. (2) have shown 
thai Ihc circcls of phosphate-deprivation are 
evident within 3 days. However, it is possible 
that the slightly longer period of phosphate 
deprivation could have resulted in a more se- 
vere condition of phosphate depletion, which 
may explain their observation of a persistent 
resistance to parathyroid hormone. Second, 



the previous experiments were performed in 
conscious, chronic (48-hr) TPTX rats, whereas 
the present studies were in anesthetized, acute 
TPTX rats. Finally, different forms of para- 
thyroid hormone were utilized in both stud- 
ies. Bonjour et al. used a TCA extract (190- 
2S0 lU/mg from Wilson Laboratories) and 
infused 2.S lU/rat • hr, whereas we inftised a 
synthetic hormone (1-34, Beckman Instru- 
ments, 6000 lU/mg) in both a bolus (33 lU/ 
kg) and a sustaining (60 lU/kg • hr) infusion. 
It is possible that the different hormone prep- 
arations and doses utilized contributed to the 
differences in response. 

Wong et al. (9) suggested that the combi- 
nation of phosphate and parathyroid hor- 
mone infusions restored intracellular phos- 
phate levels and hence led to a phosphaturia. 
The relationship of phosphate infusion to 
plasma phosphate and the intracellular phos- 
phate pools is not clear. We observed a phos- 
phaturia in the presence of modest infusions 
of phosphate (2 /xmole/min). Indeed, in the 
group given phosphate first (Group 3) a phos- 
phaturia ensued in the absence of significant 
increases in plasma phosphate (Table ID). 
Moreover, the effect was evident even when 
parathyroid hormone was administered first 
followed by phosphate (Group 4), a situation 
where the extent of intracellular phosphate 
pool repletion is not presumably as large. 
Qearly, the interrelationships between intra- 
cellular phosphate pools and the renal ^^ 
sponse to phosphaturic stimuli remain to be 
elucidated. 

Phosphate infusions may have altered the 
pattern of segmental phosphate reabsorption 
along the nephron. The nephron sites of ac- 
tion of parathyroid hormone have been lo- 
calized to the proximal convoluted and 
straight segments and along the accessible dis- 
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tal convoluted tubule (12, 13). A preliminary 
study (14) recently reported that phosphate 
uptake into brush border membrane vesicles 
was decreased following phosphate infusions 
in phosphate-deprived rats. Taken together, 
it is conceivable that phosphate infusions de- 
mease phosphate reabsorption in early sites 
along the nephron but, in the absence of para- 
thyroid hormone, the increased delivery of 
phosphate is reabsorbed in later sites, such as 
the pars recta or distal tubule, resulting in no 
increase in urinary phosphate excretion. 
Therefore, in the presence of parathyroid hor- 
mone, the later sites would not reabsorb the 
increased deUvery of phosphate leading to a 
phosphaturia. 

We are grateful to Dr. Peter C. O^Brien of the De- 
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sistance in the statistical analysis. We thank Theresa 
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Abstraa. Broad-Breasted White turkeys were randomized into four treatment groups at 4 
weeks of age in each of three trials. Group 1, males, and Group 2, females, were fed an unsup- 
plemented (control) diet from 4 to 10 weeks of age. Group 3, males, and Group 4, females, were 
fed the control diet supplemented with 0.07% /S-aminopropionitrile (BAPN)- The experiments 
were terminated at 10 weeks of age. There was no mortality among male and female turkeys 
fed the control diet or significant difierences in blood pressure, heart rate, aortic tensile strength, 
or aortic hydroxyproline between these males and females. Sixty-five percent of the males and 
21% of the females fed BAPN died of dissecting aneurysms; blood pressure, heart rate, and dp/ 
dt max were not altered as a result of feeding BAPN. Aortic tensile strength was higher in control 
turkeys than those fed BAPN, but males fed BAPN had the lowest value. Males fed BAPN also 
had the lowest aortic hydroxyproline content Ultrastructural alterations of aortic elastic and 
collagen fibers were more severe in males than females fed BAPN. Aortic changes did not occur 
in control turkeys. 



Feeding of Lathyms odoratons seeds ( 1 ) or 
/3-aminopropionitrile (2-4), the toxic princi- 
ple of the sweet pea plant (S), to rats leads to 
the development of aortic dissecting aneu- 
rysms. Likewise, feeding of j3-aminopropioni- 
trile to turkey poults also results in the for- 
mation of aneurysms (6). Mortality due to 
aneurysms among male, Broad-Breasted 
White turkeys (BBW) fed )3-aminopropioni- 
trile varies from experiment to experiment, 
but generally is in the range of 50% (7). Ap- 
parently, experiments have not been formu- 
lated to specifically ascertain whether male 
and female turkeys are equally susceptible to 
the angiopathy induced by the consumption 
of )3-aminopropionitrile. Therefore, the pres- 
ent paper describes the results of feeding the 
chemical to immature male and female tur- 
keys as pertains to mortality, hemodynamics, 
aortic tensile strength, aortic ultrastructure, 
and aortic hydroxyproline content. 

Materials and Methods. Three experi- 
ments were conducted. Since the results of all 
three were similar, the data were combined 
for this presentation. Male and female BBW 
turkeys, purchased firom a commercial hatch- 
ery, were fed an unsupplemented diet (con- 
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trol) until 4 weeks of age. At this time the 
turkeys were randomized into four treatment 
groups, each group consisting of 20 turkeys. 
Group 1 (males) and Group 2 (females) were 
continued on the control diet. Group 3 (males) 
and Group 4 (females) were fed the control 
diet supplemented with 0.07% /S-aminopro- 
pionitrile fumarate (BAPN). Turkeys that died 
during the course of the experiment were ncc- 
ropsied. The experiment terminated at 10 
weeks of age, at which time all surviving tur- 
keys also were necropsied. Twenty-four houn 
prior to sacrifice, the following parameten 
were determined from cannulation of the ca- 
rotid artery (8) following injection of the op- 
erative site with lidocaine hydrochloride: ar- 
terial blood pressure, heart rate, and dp/dt max 
(maximum rate of blood pressure rise per sec- 
ond). At necropsy of surviving turkeys, a 2.9- 
mm ring of abdominal aorta, 1 cm caphalad 
to the sciatic arteries, was procured for de- 
termination of aortic tensile strength (8). A 
small segment of aorta immediately proximal 
to this area was processed for electron mi- 
croscopy by fixing the tissue in 3.5% buflfeied 
glutaraldehyde, postfixing in 1% OSO4, cat- 
bedding in Araldite, and examining lead 
citrate- and uranyl acetate-stained thin sec- 
tions with an electron microscope. The ab- 
dominal aorta remaining after procuremeDt 
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TABLE L Hemodynamics of Male and Female Turkeys Fed BAPN 



Blood pressure, 

systolic/diastolic 

(mm Hg) 



Heart rate 
(beats/min) 



dp/dt max 
(mm Hg/sec) 



Mortality 
(%) 



lale 
smak 

nale 



205 ± 4.9- 
207 ± 8.7* 
209 ± 8.2* 
201 ± 9.0- 



154 ± 10.1* 
144 ± 8.0" 
143 ± 7.9- 
148 ± 11.5* 



276 ± 5.0- 
270 ± 8.2* 
267 ± 6.0- 
275 ± 3.8- 



1856 ± 146- 
1426 ± 72* 
1632 ± 85--* 
1586 ± 157--* 



0.0 ± 0.0- 

0.0 ± 0.0- 

64.0 ± 7.3* 

21.0 ±8.3" 



alues with different superscripts are significantly different (P < 0.05) from each other. 



ms for tensile strength and electron 
opy was stripped of adventitia, 
1 to a fine consistency, dried to a con- 
eight, extracted with chloroform- 
)1 (2:1), dried under vacuum, hydro- 
ith 6 JV HQ, and hydroxyproline 
led by the method of Neuman and 

?). 

ts. There was no mortality among ei- 
le or female turkeys fed the control 
I there was not a sex-related difference 
al blood pressure, heart rate, aortic 
strength, or aortic hydroxyproline. 
r, dp/dt max was higher in males than 
females. In contrast, 64% of the males 
h of the females fed BAPN died of 
iptures. When compared to controls, 
Ud not influence heart rate, arterial 
"essure, or dp/dt max (Table I). Aortic 
trength was lowest in males and in- 
ite in females fed BAPN; it was high- 
ales and females fed the control diet 
I). Aortic hydroxyproline was highest 
ol males and females and also females 
W, as compared to males fed BAPN, 
ig that collagen content was higher in 
three groups than in males fed BAPN. 



n. Aortic Tensile Strength and Aortic 

[YDROXYPROUNE AMONG MALE AND 

FEMALE Turkeys Fto BAPN 



« 



Aortic 

tensile strength 

(g/mm^) 



Aortic 

hydroxyproline 

Oig/mg dry weight) 



female 

lak 

male 



129.4 ± 6.9- 
130.2 ± 3.6* 

64.6 ± 2.8* 

85.7 ± 5.y 



20.1 ± 1.2* 
18.0 ± 1.1* 
16.3 ± 0.8* 
19.0 ± 0.7* 



alues with difierent superscripts are significantly 
P < 0.05) firom each other. 



The ultrastructural appearance of the aor- 
tic media varied among two of the four treat- 
ment groups. The media of males and females 
fed the control diet was similar. In these spec- 
imens the elastic fibers between smooth mus- 
cle cells had smooth surfaces and compact 
bundles of collagen fibers generally were 
closely associated with the elastic fibers (Fig. 
1). Elastic fibers between smooth muscle cells 
in the media of males fed BAPN were greatly 
swollen and severely fragmented; collagenous 
fibers in the vicinity were dispersed and ap- 
peared swollen (Fig. 2). In the media of fe- 
males fed BAPN, elastic fibers were slightly 
swollen and fi-agmented; collagen fibers were 
not dispersed (Fig. 3). 

Discussion. Bamett et al. (6) reported that 
feeding of BAPN to young turkeys caused 
mortality due to dissecting aneurysms, and 
also noted the gross and microscopic resem- 
blance of this experimentally induced con- 
dition to spontaneous aneurysms seen in field 
flocks of turkeys. Subsequently, it was found 
that the first step in the crosslinking of col- 
lagen and elastin was oxidative deamination 
of lysine and hydroxylysine by the enzyme 
lysyloxidase (10). Since BAPN inhibits the ac- 
tivity of this enzyme, the chemical decreases 
the deposition of mature collagen and elastic 
fibers in the aorta, and, therefore, reduces aor- 
tic tensile strength. 

In deoxycorticosterone acetate salt 
(DOCAHnduced hypertensive male rats, ad- 
ministration of BAPN reduced aortic lysylox- 
idase and the collagen content of the vessel 
wall (11, 12). Decreased lysyloxidase activity 
was noted in the skin of aneurysm-prone mot- 
tled mice (13), a condition characterized by 
abnormal crosslinking of collagen and elastin. 

Important to the present study was the re- 
port that tom turkeys had lower aortic levels 
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FtG. 1. The aortic media of a control male or lemale turkey contains elastic fibers Mth sinooth surfaces 
(E) and compact bundles of collagcti fibers (C) between smooth muscle cells (S). (9000x>. 




Ro. 2. In the aortic media of a male fed BAPN, an clastic fiber between smooth mysck cells (S) is 
greaUy swollen arid fragmented (E). Collagen fibers (C) are dispersed. (9000X). 
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Fig. 3. An elastic fiber between smooth muscle cells (S) in the aortic media at a iemnk tt4 HAPN i% 
mildly swollen and slightly fragmented (E). Bundles of collagen fiber% (C) are cumfNiil (^HH)/') 



of lysyloxidase activity than hen turkeys (14). 
These results were, in the opinion of the au- 
thors, an explanation for the increased inci- 
dence of spontaneous aneurysms noted among 
male turkeys. 

The results of the present paper indicate 
that the higher mortality rate from aneurysms 
among male turkeys fed BAPN is not asso- 
ciated with elevated arterial blood pressure^ 
heart rate or li'M in^ui since these pafameten 
were not significantly diflferent between males 
and females. Thus, the explanation for this 
phenomenon is probably explatnable b>' the 
work of Narayanan er a/. ( 1 4 ) relating to lower 
aortic lysyloxidase activit> among male than 
female turkeys. This factor in addition to 
the KsyloxidaK inhihrtorv acU^-hy of BAPN 
caused a gicaler amimnhttioo of uiKr<jm- 
linked ooDa^en and daois is the mak tuflr> 
aorta, and tfaereCore. greaser moruiiit) from 
BAPN4ndnoBd axmiryson. 71m fokKtrvnical 
explanatioo n oodoAfmed b> the uhxatsmfco 
tural observabosis of thr aoria reporuad jjo tht 
pTesent paper. 



The technicaJ aiyMancc iH I W ( ailiUr tt «^ii«4/wi 
edged. 1 hii wuri wa« uippf^rted m (>aii *>> it Hfimt (Mt^t) I) 
from the American llean AwKuMi^/fi \UHy$4 ANMiair 
Honda AgricutturaJ \\%f;ficrmyctn ^KjiU^m^ ^>M#fMl Vn«4 
No. 4f)36 



Oeifer Bi. SUKfihfxi H. Pa#vM^ lit ijttt^^frthm w 
the rat. i NuuM27 442 iVii 
fkkchhiiber If:. l^alKij i^ Ax^viur |/M V^iuUiu^; 
hU. Woog I'M IwaOjxf v»^ t«cu^ 4^)0 yii> i^ i^rU-jMAu 
nofVMgM^Miinle aAd f<iMt«d <AfUip^^ l^t^t Vm J a^; 
B*uJ MkJd •!^:2V4 2r/ JVtt 

aipruc aneurvdflot lu Um: Iwcbviu^-t^ «4ii AMA AacL 
Patb<jl4J:12t J 'it 1V>C 

oi) (br itrt miria AMA AKjii ^'iiCUi! 5l»v>) /^^i ly^: 
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Abstract. Matrix vesicles, small extracellular membianous structures, are known to be the 
initial lod of calcification of cartilage, bone, and dentin. Calcification is an important compli- 
cation of atherosclerosis. Using histologic, ultrastnictural, and cytochemical techniques, the pres- 
ent study has demonstrated that matrix veside-like structures are involved in the calcification 
of atherosclerotic lesions, as well as in arterial medial calcification. In aortas firom autopsied 
humans and firom rabbits and chickens on atherogenic diets, the matrix vesicles appear to be 
derived firom intimal and medial cellular components, mainly smooth muscle cells. 



lerosclerosis, the vascular intimal thick- 
which is the major cause of death in 
^estem world, is commonly complicated 
Icification. This important complication 
ibutes to an increased irregularity of the 
1, increased brittleness, and decreased 
3ty of vessels. The degree of calcification 
corresponds to the severity of the ath- 
lerotic lesion. Morphological (1-3) and 
emical (4) studies characterizing crys- 
i calcium deposition in arterial media 
Dtima have been reported. The mecha- 
of calcification in atherosclerosis, how- 
is not well understood, 
itrix vesicles, 100- to 700-nm extracel- 
nembrane-invested structures, have been 
n since 1967 to be the initial loci of cal- 
don in skeletal tissues (S-8). More re- 
\ morphologic studies have suggested the 
/ement of matrix vesicles in the calcifi- 
1 of aortic valves and aortic media (9- 
rhe present study, using histologic, ul- 
iictural and cytochemical techniques, has 
•nstrated that matrix vesicle-like struc- 
are involved in the calcification of ath- 
lerotic intimal lesions as well as in ar- 
medial calcification. 
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Materials and Methods. This study utilized 
aortas from 30 human autopsies, 1 S male New 
Zealand white rabbits, and 1 S male white leg- 
horn chickens. The human cases, all men over 
45 years of age, included: (i) 20 cases with 
four portions of thoracic and abdominal aorta 
sampled for light microscopy, and (ii) 10 cases 
less than S hr postmortem with multiple sam- 
ples of early atherosclerotic lesions taken for 
electron microscopy. The rabbits and chick- 
ens were each divided into the following 
groups: (i) three groups of three rabbits and 
three chickens each, fed an atherogenic diet 
for 1, 2, or 3 months, and (ii) three groups of 
two rabbits and two chickens each, fed a nor- 
mal diet for 1, 2, or 3 months. The normal 
diet was Purina Rabbit or Chicken Chow and 
the atherogenic diet was composed of Purina 
Rabbit or Chicken Chow with 8% peanut oil 
and 2% cholesterol by weight mixed into the 
chow. Sacrifice of these animals by intrave- 
nous air injection was immediately followed 
by dissection and processing of their aortas. 

Light microscopic study of these human 
and animal aortas (fixed in 3.7% neutral buff- 
ered formaldehyde solution) included the fol- 
lowing histological stains on adjacent sections 
of tissue: hematoxyUn and eosin; alizarin red 
and van Kossa for calcium and phosphate; oil 
red O for lipid; Verhoeff-van Gieson for elas- 
tic fibers; Gomori*s trichiome for collagen and 
smooth muscle; Prussian blue for iron; and 
alcian blue~PAS for acid mucopolysaccha- 
rides. Ultrastnictural study of these aortas was 
performed on a Phillips EM 300 electron mi- 
croscope and utilized tissue which had been 
processed in the foUowing ways: (i) routine — 
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fixed in 4% glutaraldehyde, followed by 0.1 
M cacodylate buffer at pH 7.4, postfixation 
in 1.33% symcollidine buffered osmium te- 
troxide (pH 7.4), dehydrated in ethanol, 
embedded in epoxy resin (Epon 812) (11), 
thin sectioned with a diamond knife on an 
ultramicrotome, and stained with lead citrate 
(12) and uranyl acetate (13); (ii) calcium lo- 
calization by potassium pyroantimonate tech- 
nique — fixed in potassium pyroantimonate- 
osmium solution, pH 7.6-7.8, for 4 hr, washed 
for 30 min in three changes of potassium ac- 
etate buffer, pH 7.4, routinely dehydrated and 
embedded, and thin sections stained only with 
uranyl acetate (14, 15); (iii) control for cal- 
cium localization — processed as in (ii) except 
that the tissue initially was incubated for 45 
min in 1% osmium tetroxide containing (or, 
for further control, not containing) 10 mA/ 
ethylene glycol-bis-iV,iV-tetraacetic acid 
(EGTA), a chelating agent that removes cal- 
cium (and, to a much lesser extent magne- 
sium, zinc, and cobalt) but not other cations, 
then fixed in 5% potassium pyroantimonate 
solution ( 14, 1 5); (iv) alkaline phosphatase cy- 
tochemical technique — using jS-glycerophos- 
phate as substrate, Tris buffer, Mga2 acti- 
vator, and Pb(N03)2 with lead phosphate as 
reaction product; controls included 0.2 X 0.2- 
mm pieces of rabbit kidney incubated and 
treated similarly (16); and (v) adenosine tri- 
phosphatase (ATPase) cytochemical tech- 
nique — as described elsewhere, using adeno- 
sine 5-triphosphate (ATP) as substrate, Tris 
buffer, MgS04 activator, and Pb(N03)2 with 
lead phosphate as reaction product; controls 
included 0.2 X 0.2-mm pieces of rabbit kid- 
ney incubated and treated similarly (16, 17). 
Results and Discussion. It was found that, 
although there were some differences in the 
character of the atherosclerosis in these hu- 
man, chicken, and rabbit aortas, the mor- 
phological findings associated with the pres- 
ence of early calcification in the atheroscle- 
rotic lesions was similar among these three 
species. Details regarding the morphologic ap- 
pearance of the atherosclerosis will be re- 
ported subsequently (18). Basically, the ath- 
erosclerotic lesions in the chicken aortas were 
more comparable to those in the human, with 
the initial development of an intimal fibrous 
plaque, composed largely of modified smooth 
muscle cells in an interstitium of collagen fi- 



bers, ground substance, and a few matrix 
vesicle-like structures. Spontaneous fibrous 
plaques were present in the aortas of chickens 
on a normal diet. Although the number of 
fibrous plaques did not notably increase, lipid 
(by light microscopy) and increasing calcium 
deposition (by light and electron microscopy) 
occurred in the plaques of all chickens fed the 
atherogenic diet for 1, 2, or 3 months. The 
rabbit aorta lesions had similarities to some 
small human and early chicken lesions but 
tended to have more the appearance of a fatty 
streak than a fibrous plaque containing less 
smooth muscle cells and more lipid-filled foam 
cells. Light microscopic study of calcification 
in these atherosclerotic lesions, using von 
Kossa and alizerin red methods, demon- 
strated focal prominent calcium deposition in 
all human aortic intimal lesions studied, and 
a lesser degree of calcification in the animal 
lesions. This was absent in controls but in- 
creased with increasing duration of athero- 
genic diet (0, 1 -h, 2-h, and 3+ in chickens and 

0, ±, 1-h, and 2-h in rabbits, for control, 1, Z 
and 3 months of diet, respectively, by inde- 
pendent estimate of two of the investigators). 

Electron microscopic study of calcification 
in these atherosclerotic lesions demonstrated 
that the association of matrix vesicle-like 
structures with calcification was striking (Figs. 
1, 2). These extracellular vesicles, in routinely 
processed electron microscopic sections, were 
generally limited by a single trilaminar mem- 
brane, varied in electron density, and occa- 
sionally contained crystalline material. They 
measured 100 to 700 nm in diameter. Oc- 
casional larger vesicles, distinct firom the ma- 
trix vesicles and having a double-limiting 
membrane similar to mitochondria, were also 
present, however, suggesting that mitochon- 
dria may also be playing a role in the calci- 
fication process. The typical matrix vesicles 
were numerous (3+) in all human athero- 
sclerotic lesions and tended to increase in 
number in chicken and rabbit aortas with in- 
creasing duration of atherogenic diet luck- 
pendent estimate by two of the investigatois 
(A.T. and D.M.) indicated the number of ves- 
icles in chickens to be 1-h, 2-h, 2-h, and 3+ 
and 0, 1 -h, 2-h, and 3-h in rabbits, for contni 

1, 2, and 3 months of diet, respectively. The 
vesicles, particularly in human and dudoen 
aortas, appeared to arise mainly finona d^ges- 
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FKj. ] . Electron micrognph of atherofderotic hiunan aortic intima. stained b> potassium pyroantimonale 
technique. Many membrane-bmited matm vesidcs (MV) measunng 100-700 dri io diameter are located 
mainl>- in the region ofelasbc fibers (E). The matrix vesides are in various stages of calcification Calcium, 
indicated b>' the highly electron-dense pvTouitimonate reaction produa. is primarily deposiied within the 
matrix vesicles but b also presem in the adjaoem ground substance m a much less concentrmied dmhbuuon. 
Elastic fibers appear to be devoid of calcium deposition. x43.000. 



erated intiinal and medial smooth musck 
cells. Evidence for this included their location 
in the region of d^gtneraled-appearing smooth 
muscle cdls. their frequent content of fibril- 
lary and granular material comparable lo that 
of smooth muscle cells, their similarity to ves- 
icles in smooth muscle cells, their occasional 
display of an outer component of basement 
membrane-like material similar lo that of 
smooth musde cells, and their occasionaUy 
appearing to bud from the cytoplasmic mem- 



brane or to be extruded from the cytoplasm 
of smooth muscle cells. Of additional interest 
was the frequent localization of the matrix 
vesicles adjacent lo. or in the region of. inti- 
maj elastic fibers (Fig. 1 ). 

Potassium pyroantimonate reaction for 
calcium demonstrated reaction products 
mainl\ uithin the matrix vesicles. (Figs. 1.2) 
althotigh some posilivity was also demon- 
strated in other locations, such as mitochon- 
dria of some smooth muscle cells, the 
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f'Vi. 2. Itletinin microgrftph of atheroiderotic human 
iMifllt ifiiimii. ftUined by poUitium pyroantimonate tecfa- 
filiiuc 7 he matrix vesicle hat a fingle trilaminar limiting 
mcmhranc and i* in an intennediate itafe of calcium 
depiMilion /79.200, 



occasional extracellular mitochondria-like 
veniclcft. intentitial foci of basement mem- 
brane-like material, and dispersed in extra- 
cellular ground substance. There was no ev- 
idence of pyroantimonate staining within 
clastic libers. Although there was some vari- 
ability among diflferent lesions in the same 
human or animal, the overall staining reac- 
tions among the early human lesions sampled 
and among animals in the same experimental 
gnmp were quite similar. With increasing du- 
ration of the atherogenic diet, the number of 
matrix vesicles not only increased but the in- 
tensity of potassium pyroantimonate reaction 
priKiucts also increased considerably. Inde- 
pendent estimate by two of the investigators 
(A. I', and D.M.) indicated the intensity of 
staining reaction in matrix vesicles to be 1 +, 
:♦,:♦. and 3 k in chickens and ± 1, 2^-, 2^-, 
and .U in rabbits, for control, 1, 2, and 3 
months of diet, respectively. In all tissues pre- 
trcatcii with hXi lA, essentially no potassium 
pyn^ntin\onate reaction products were evi- 
dent, indicating the specificity of this calcium- 
kwali/ation technique. Furthermore, tissues 
iiwubatcit without hXil A showed no decrease 
of ixMassium pyn^ntimonate reaction prod- 
ucts. 



Regarding the other c>tochemkal tech- 
niques, both ATFse and alkaliiie phospha- 
tase were poati%r along the membranes of the 
matrix %rsicle-iikc smicturesw In addition, 
smooth muscle oeD mitochondria and intra- 
cytoplasmic %rsicies were positive by these 
techniques. The positive extracytoplasmic 
phosphatase reactions, compaiabie to matrix 
vesicles of cartilage, supports the interpreta- 
tion that the membranous structures in the 
atherosclerotic plaques represent matrix ves- 
icles. Furthermore, these enzymes may play 
a dual role in promoting calcification: (i) by 
providing phoq>hate for nacent mineral for- 
mation, and (ii) by hydrolysis of naturally oc- 
curring inhibitors of mineral crystal forma- 
tion such as pyrophosphate and ATP (19). 

Calcification has long been considered an 
important but pooriy understood complica- 
tion of atherosclerosis. The significance of cal- 
cification has recently been reemphasized by 
reports describing the suppression of diet-in- 
duced atherosclerosis by anticalcifying agents 
(20). The data of this study indicate that, al- 
though other mechanisms such as mitochon- 
drial calcification may be involved, a major 
mechanism in the development of athero- 
sclerotic calcification is the deposition of cal- 
cium phosphate (mineral) within matrix ves- 
icles apparently derived firom intimal cellular 
components, predominantly smooth muscle 
cells. Comparable findings have been previ- 
ously reported in the clinically less significant 
arterial medial calcification but to our knowl- 
edge not in the highly important process of 
intimal atherosclerosis. Recognition of this 
basic pathogenetic mechanism should open 
the way to several avenues (morphological, 
biochemical, physiological, and pharmaco- 
logical) for investigating the etiology, treat- 
ment, and prevention of atherosclerotic cal- 
cification. 
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Effect of Antibody Concentration on Opsonic Requirements for Phagocytosis 
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Ahmraa, We inveititaicd the eflect of the ooooentracioo of type-apedfic a oiib ody to pneu- 
mococcal polyMCcharkfe fPPS) oo ofMOok requnaiieii^ 

pneumonia types 7 and 19. We measured the opiake by human u c uuu phib of radiolabeled 5. 
pnewnmuae opionized with either complementHntact, c o mp l cmen t-d ep lei ed (by heat macti- 
vation). Of jdtemative complement pathway-activated (by magnesiim dichlonde-ctfaylene ^ycol 
tetraacetic acid (MgEOTA) chelation) immune sera with varying concentrations of antibody 
from individoab immunized with polyvakm PPS vaccine. Increased o psoni/at i n o was found 
with increasing concentrations of type-specific a ntib ody in the sera. Higher conce ntrati ons of 
amibody were required to opsonize type 7 than type 19 bacteria, both in the presence and 
absence of complemem activity. Type 19 bacteria were more effidentty op s o niz ed via the al- 
ternative complemem pathway than type 7. For both types» antibody and the ahernative com- 
plemem pathway provided most of the opsonic activity in sera with lower conce ntrati ons of 
type-specific antibody. At high antibody concentrations, effective opsonization occurred in heat- 
activated sera, indicating the requirement for co mp lement could be overcome with sufficient 
amounts of antibody alone. 



In Spite of antimicrobial treatment, infec- 
tions with Streptococcus pneumoniae remain 
a major cause of morbidity and mortality ( 1 ). 
Because of their polysaccharide capsules, most 
pneumococci are resistant to phagocytosis 
unless serum opsonins make them susceptible 
to ingestion by phagocytic cells (2). Previous 
studies have demonstrated that the critical op- 
sonins for S. pneumoniae are type-specific an- 
tibodies to pneumococcal polysaccharide 
(PPS), and components of the classical and 
alternative complement systems (3-9). We 
have used a functional phagocytic assay which 
measures the uptake of radiolabeled S. pneu- 
moniae (7, 8) to determine the effect of PPS 
antibody concentration on opsonization re- 
quirements for phagocytosis of 5. pneumon- 
iae types 7 and 19. 

Materials and Methods. Sera, Six normal 
adult volunteers were immunized with 14- 
valcnl PPS vaccine (Pneumovax-MSD). Two 
weeks following immunization, serum was 
obtained and stored in aliquots at -70^. An- 
tib(xly concentrations were measured by 
radioimmunoassay (10) (performed by Dr. 
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G. Schifiman, Downstate Medical Center, 
Brooklyn, N.Y.) and by enzyme immunoas- 
say ( 1 1 ) in our laboratory. Intact complement 
activity of the firozen aliquots was confirmed 
by measuring normal hemolytic complement 
(CHSO) of ^23 units in sera from each in- 
dividual (performed by University of Califor- 
nia, San Francisco clinical laboratories). Sera 
firom these different individuals were utilized 
as either complement-intact immune serum 
(antibody plus classical and alternative com- 
plement pathways), serum heat-inactivated at 
56** for 60 min (antibody alone), or serum 
chelated with a final concentration of 10 mA/ 
ethylene glycol tetraacetic acid with 2.5 mA/ 
magnesium dichloride (MgEGTA) (antibody 
plus alternative complement pathway) (5-9, 
12). Loss of complement activity following 
heat inactivation was confirmed by CH50 as- 
say. No significant differences in uptake were 
found t)etween sera heat-inactivated at 56** 
for 30 min, 56** for 60 min, or 53** for 90 min 
(data not shown). Preservation of alternative 
complement pathway activity in MgEGTA- 
chelated serum was confirmed by demonstra- 
tion of activated Factor B by immunoelectio- 
phoresis following incubation of serum with 
opsonized zymosan (12). 
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^eria. Types 7F and 19F 5. pneumoniae 
:hosen for study because they are among 
pes which cause significant disease ( 1 3), 
ecause previous studies have shown they 
in their opsonic requirements (5, 8, 9). 
bilized type 7F and 19F bacteria were 
aed from American Type Culture Col- 
n (Rockville, Md.). They were initially 
1 in brain heart infUsion overnight at 37^ 
umidified incubator with 5% CC)2 . After 
f checks (plating on blood agar, and 
eng capsular swelling reaction with type- 
ic anti-PPS antiserum), the bacteria were 
A in aliquots at -70^ in Hanks balanced 
olution with 10% glycerol and 10% bo- 
lerum albumin. The bacteria were mouse 
ged every 2 months to maintain viru- 

radiolabel the bacteria, they were grown 
light in a synthetic medium lacking thy- 
le (14) with added tritiated methylthy- 
le (specific activity 20 Ci/mmol, New 
ind Nuclear Corp., Boston, Mass.). The 
labeled bacteria were washed three times 
::alcium and magnesium-firee phosphate- 
red saline (PBS) with centrifiigation at 
^ for IS min, and adjusted spectropho- 
trically to approximately 2 X 10" bac- 
ml in PBS (optical density of 0.180 at 
im, confirmed by microscopic counts of 
^ diluted bacteria). 
^sonization. For most experiments, 100 
either complement-intact or heat-inac- 
d immune serum, 100 m1 of bacteria (ap- 
mately 2 X 10^), and SO /d of PBS were 
d to individual polypropylene vials 
aals, Beckman Instruments, Irvine, 
). For experiments with MgEGTA-che- 
aenim, 100 fd of immune serum was 
lated at ambient temperature for 10 min 
25 Ml of SO mA/EGTA-12.S mA/Mga2 
EGTA concentration 10 mA/, Nfga2 
nitration 2.S mAf) followed by addition 
§d of bacteria and 2S /d of PBS. The 
vcJume of the opsonic mixture was 2S0 
Bd the percentage serum in it 40%. In 
experiments, the percentage serum con- 
Ukm was changed by varying the amount 
iim added and adjusting the PBS added 
)priateiy. The bacteria were opsonized in 
idividual vials for 60 min on a rotator 
^ in an incubator with S% COj- No sig- 
int differences were found in uptake of 



bacteria opsonized with immune sera for IS, 
30, or 60 min (data not shown); 60 min was 
chosen to allow adequate time for alternative 
complement pathway activation (S). Then the 
bacteria were washed by adding 3 ml of PBS 
to each vial, and the vials centrifuged at 1 600^ 
for IS min. The supematants were discarded 
and the washed, opsonized bacteria resus- 
pended in 100 ^1 of Hanks balanced salt so- 
lution with 0.1% gelatin (gel-HBSS). 

Neutrophils. Blood from a single healthy 
individual was drawn into a heparinized sy- 
ringe (10 units/ml), and one-third volume of 
4.S% dextran in PBS added. The blood was 
allowed to sediment for 30 min and then the 
neutrophil-rich plasma was drawn off. A cell 
pellet was obtained by centrifuging the plasma 
at 120^ for 10 min. The red cells in the pellet 
were lysed by adding S ml of 0.8% ammo- 
nium chloride for S min. The remaining cells, 
over 80% neutrophils, were washed three times 
with PBS with 0.2% glucose and 1 unit hep- 
arin/ml, and resuspended to a concentration 
of4X 10^/ml in gel-HBSS. 

Phagocytosis. Five hundred microliters of 
the neutrophil mixture (2 X 10^ cells) was 
added to the washed, opsonized bacteria 
(2 X 10^ bacteria) in each vial. The total vol- 
ume of the phagocytic mixture was 600 m1« 
and the bacteriarneutrophil ratio was approx- 
imately 10:1. Preliminary experiments dem- 
onstrated this ratio to be optimal for dem- 
onstrating opsonic differences (data not 
shown). Each sample was run in quadrupli- 
cate so that leukocyte-associated and total ra- 
dioactive counts could be determined in du- 
plicate. 

To allow phagocytosis, the vials were ro- 
tated at 37^ for 30 min in an incubator with 
S% CC)2. Experiments showed no significant 
further increase in uptakes at 4S or 60 min 
(data not shown). Phagocytosis was stopped 
by adding 3 ml of iced PBS. To determine 
leukocyte-associated counts, two of the four 
vials were centrifuged at 120^ for S min at 4^ 
and the supernatant discarded. The cell pellet 
containing neutrophils and associated bacte- 
ria was washed an additional two times with 
iced PBS to remove non-leukocyte-associated 
bacteria. Phase contrast microscopy demon- 
strated most of the leukocyte-associated bac- 
teria to be ingested rather than merely ad- 
herent; this was the case when the bacteria 
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wcfc OfMomzcd with cHhtr 
tact or hcat-ffnctivated hnmone sent To ob- 
tain total coufits, the other two viab were cen- 
trifu^ed once at \600g far \5 rain which pel- 
leted all bacteria and leukocytes. 

The pellets from all viab were each resus- 
pended in 200 lA distilled water and vortexcd 
to lyse the cells; 3 ral scintillation fluid (Aqua- 
sol, New Ef^nd Nuclear Corp., Boston, 
Mass.) was then added. The samples were 
counted with a Beckman LS 7000 scintilla- 
tion counter. The bacterial uptake was cal- 
culated as 



% uptake 

cpm in 120 X g pellet 

(leukocyte-associated counts) 



TABU L Asimacn CdwxBcnuTXMS in 

FomMMUNIZA'nON SEMA 



X 100. 



cpm in 1600 X g pellet 

(total counts) 

Total counts were always greater than 5000 
cpm. 

Data analysis. The mean counts from du- 
plicate vials on a single day were used to cal- 
culate the bacterial uptake produced by an 
opsonic source (immune, heat-inactivated, or 
MgEGTA-chelated sera from a single indi- 
vidual). For most experiments, sera were as- 
sayed on at least 3 different days, and means 
and standard deviation determined from the 
uptake values for each day. The mean coef- 
ficient of variation for the assay was 22.4% 
between different days. An unpaired / test was 
used to calculate differences between mean 
uptake values. 

Results. Sera, Antibody concentrations in 
postimmunization sera, as determined by ra- 
dioimmunossay and enzyme immunoassay, 
are listed in Table I. 

Effect of antibody concentration on bacte- 
rial uptake. The degree to which the concen- 
tration of type-specific PPS antibodies affects 
opsonization of S. pneumoniae types 7F and 
19F in complement-intact immune serum was 
assessed in two ways. First, varying percent- 
ages of immune serum from a single individ- 
ual were used to opsonize the bacteria. Be- 
cause the opsonic mixture volume was con- 
stant, diluting the serum resulted in varying 
concentrations of antibody available for op- 
sonization, although complement compo- 
ments were also diluted. 





TypcTF 




Typel9F 


Semm 


RIA* 

(BgAbN/ml) 


EIA' 

(CD) 


RIA EIA 
(ng AbN/ml) (OD) 






239 

1989 

3156 

>5000 

>5000 

>5000 




0^ 

037 

0.78 

0.93 

0.98 

0.99 




14 0.24 

139 0.53 

48 0.13 

708 0.85 

886 0.79 

1036 0.87 


' Healthy adohs wm 


immunized with polyvalent 



pies obtained 2 weeks later. Sample 1 was from a patient 
with hypogammaglobulinemia. 

^ Antibodies to types 7F and 19F pneumococcal poly- 
saccharides were measured by radioimmunoassay, and 
the results e ip ie ss ed as ng antibody nitrogen/niL 

* IgG antibodies to types 7F and 19F pneumococcal 
polysaccharides were measured by enzyme inununoassay, 
and the results expressed as the mean optical density finom 
triplicate weOs. The serum was diluted 1:100, and alkaline 
phospbatase^conjugated anti-human IgG was utilized in 
thej 



In a representative experiment, type 7 bac- 
teria were opsonized with 20, 40, and 60% 
immune serum containing 1989 ng antibody 
nitrogen (Ab N)/ml representing 5, 10, and 
15 X 10"^ ng Ab N/bacterium, respectively. 
Increased bacterial uptake was measured with 
increasing antibody concentration in the op- 
sonic mixture (solid bars. Fig. 1). A similar 
experiment was performed with type 19 bac- 
teria using 20, 40, and 60% immune serum 
containing 47 ng Ab N/ml of type 19 PPS 
antibodies corresponding to 0.12, 0.24, and 
0.35 X 10"^ ng Ab N/bacterium, respectively. 
Again, increased bacterial uptake was seen 
with increasing amounts of type-specific an- 
tibody (solid bars, Fig. 1). Comparing types 7 
and 19, more antibody/bacterium was re- 
quired for phagocytosis of type 7 bacteria than 
for type 19. 

[Dilutions of immune serum resulted in di- 
lution of complement components as well as 
antibody. To study the effect of varying an- 
tibody concentrations on opsonization with 
constant complement concentrations, we ob- 
tained immune sera from six normal adults 
2 weeks after immunization with 14-valent 
PPS vaccine. Because these individuals had 
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20% 



40% 



60% 




20% 



40% 60% 



f. 1. Eflfisct of serum opsonizing concentration on 
rial uptake. Radiolabeled type 7F S. pneumoniae 
9p8onized with complement-intact (solid bars), heat- 
vated (open bars), or MgEGTA-chelated (striped 
immune sera (1989 ng Ab N/ml) at concentrations 
, 40, and 60%, and the percentage bacterial uptake 
iman neutrophils at 30 min measured (upper sec- 
Radiolabeled type 19F S. pneumoniae were simi- 
3p8onized in immune serum (47 ng Ab N/ml) from 
ler individual and the uptake measured (lower sec- 



varying antibody responses to immunization, 
sera with different type-specific antibody 
amounts were available and utilized in further 
experiments at 40% concentration. Serum 
firom a patient with pan-hypogammaglobu- 
linemia (IgG == 25 mg/dl, IgM = 14 mg/dl 
no type 7 or 19 antibodies by radioimmu- 
noassay) was also studied. 

For type 7, bacterial uptake was ^10% when 
complement-intact immune serum contain- 
ing no or minimal type-specific antibody (239 
ng Ab N/ml, 1.2 X 10"^ ng Ab N/bacterium) 
was utilized for opsonization (solid bars. Fig. 
2). Moderate uptake (40%) occurred with im- 
mune serum containing 1989 ng Ab N/ml or 
10 X 10"^ ng Ab N/bacterium. The greatest 
uptake (65%) was measured with immune 
serum containing 3156 ng Ab N/ml or 15.8 
X 10"^ ng Ab N/bacterium, with only mini- 
mal additional increases in uptake using im- 
mune serum with higher antibody concentra- 
tions. A relatively linear relationship between 
antibody concentration and uptake of opson- 
ized type 7 bacteria was found measuring these 
and other serum samples (correlation coeffi- 
cient = 0.91) (Fig. 3). 

For type 1 9, bacterial uptake occurred with 
complement-intact immune serum contain- 
ing as little as 14 ng Ab N/ml (0.07 X 10"^ 
ng Ab N/bacterium) of type-specific antibody 
(solid bars. Fig. 4). Increased uptake was noted 
with higher concentrations of type 19 anti- 
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Fto. 2. Eflfisct of antibody oonocntnition on bacterial uptake of type 7F 5. pneumoniae. Radiolabeled 
Mctcria were opsonized with complement-intact (solid bars), heat-inactivated (open bars), or MgEGTA- 
:lieiated (striped bars) immune sera at 40% concentration from different individuals immunized with 
polyvalent pneumococcal polysaccharide vaccine, and the percentage bacterial uptake by human neutrophils 
neasured at 30 min. Concentrations of antibody in the immune sera are given on the abscissa as ng Ab 
M/mL Values for percentage bacterial uptake are expressed as mean ± ISD for samples done in duplicate 
» at least 3 difierent days. 
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FiG. 3. Bacterial uptake correlates with concentration 
of type-specific antibody. Type 7F S. pneumoniae were 
opsonized with complement-intact immune sera at 40% 
concentration from different individuals immunized with 
polyvalent pneumococcal polysaccharide vaccine, and the 
percentage bacterial uptake by human neutrophils at 30 
min measured. Bacterial uptake values are expressed as 
a function of ng Ab N/ml in the sera for type 7F anti- 
bodies. 



body. The greatest uptake (67%) was noted at 
antibody concentrations of 708 ng Ab N/ml 
(3.5 X 10"^ ng Ab N/bacterium) or greater. 
Thus, utilizing complement-intact im- 
mune sera from different individuals with 
varying concentrations of type-specific anti- 
body to opsonize S. pneumoniae types 7 and 
19, we found (1) increased opsonization, as 



assessed by bacterial uptake, with increasing 
antibody concentrations, and (2) differences 
in opsonization requirements for types 7 and 
19, with type 7 requiring about five times mott 
antibody than type 19 for maximal uptake. 

Effeci of heat inactivation on bacterial up- 
take. Immune sera were heat inactivated at 
56^ for 60 min to inactivate both the classical 
and alternative complement pathways. These 
sera were utilized to opsonize types 7 and 19 
bacteria to determine the effect of antibody 
alone, without complement activity, on bac- 
terial uptake. For type 7, dilutions of a single 
heat-inactivated immune serum containing 
1989 ng Ab N/ml resulted in n^gible up- 
take at 20 and 40% serum concentrations; 
however, at 60% (15 X 10"^ ng Ab N/bacte- 
rium) the uptake with heat-inactivated serum 
was about half that of complement-intact im- 
mune serum (open bars. Fig. 1). For type 19, 
there was moderate (;2^20%) although reduced 
uptake using dilutions of heat-inactivated 
serum at concentrations as small as 20% (0. 12 
X 10"^ ng Ab N/bacterium). For both types, 
uptakes with complement-intact sera were 
higher than with heat-inactivated sera, indi- 
cating a contribution of complement to op- 
sonic activity. 

Utilizing heat-inactivated immune sera with 
varying antibody concentrations from differ- 
ent individuals we found minimal uptake 
(;2i20%) when sera with low antibody concen- 
trations were used to opsonize either types 7 
or 19. At high antibody concentrations, how- 
ever, bacterial uptake with heat-inactivated 
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FiG. 4. Eflfisct of antibody concentration on bacterial uptake of type 19F S. pneumoniae. Same as Fig. 
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equaled that of complement-intact im- 
c sera. For types 7, three of four heat- 
tivated sera with high antibody concen- 
3I1S (;^3156 ng Ab N/ml or 15.8 X 10"^ 
.b N/bacterium) resulted in bacterial up- 
equal to that of the same sera with intact 
pkment activity (open bars. Fig. 2). For 

19, all three heat-inactivated sera with 

antibody levels (^lOi ng Ab N/ml or 
< 10"^ ng Ab N/bacterium) had equal op- 
2 activity to that of the same comple- 
t-intact sera (open bars. Fig. 4). 
tius, utilizing heat-inactivated immune 
we found (1) less antibody was required 
>psonization of type 19 than type 7; (2) 
plement activity contributed to opsoni- 
m of types 7 and 19, especially when lesser 
:entrations of type-specific antibody were 
snt; and (3) opsonization equal to that 

antibody and complement could be 
eved with antibody alone at high concen- 
ons of type-specific antibody. 
ffect of MgEGTA chelation on bacterial 
ke. MgEGTA chelation blocks the clas- 

complement pathway but allows acti- 
>n of the alternative pathway, permitting 
surement of the opsonic capacity of the 
native complement pathway in the pies- 
I of antibody (5-9, 12). Using dilutions of 
ated immune sera to opsonize type 7 bac- 
i, there was minimal uptake at 20 and 

serum concentrations, but uptake equal 
lat with the same complement-intact im- 
le serum at 60% (striped bars. Fig. 1). At 
ilutions, uptake with chelated serum was 
ter than with heat-inactivated serum, in- 
ting a contribution of the alternative 
plement pathway to opsonic activity. For 

19, uptake with chelated immune serum 
equal to that with complement-intact im- 
le serum at both 20 and 40% concentra- 
s, and greater than that with heat-inacti- 
d serum, also suggesting alternative cora- 
aent pathway activity. 
Imilar results were obtained using Mg- 
TA-chdated sera with varying concentra- 
s of antibody firora different individuals, 
type 7 bacteria theie was minimal uptake 
g chelated seta containing small amounts 
titibody (1989 ng Ab N/ral (10 X 10 ^ ng 
N/bacterium) or less) (striped bars. Fig, 
uggesting a role for antibody in altema* 
complement activation with type 7. Up- 

with chelated sen was greater than that 



with heat-inactivated sera, indicating an al- 
ternative complement pathway contribution 
to opsonic activity. At higher antibody con- 
centrations, chelated sera provided opsonic 
activity equal to or greater than the same 
complement-intact or heat-inactivated im- 
mune sera. With type 19, bacterial uptake us- 
ing chelated sera was equal to or greater than 
that with complement-intact immune sera re- 
gardless of antibody concentration (striped 
bars. Fig. 4). Uptake with three different che- 
lated sera between 14 and 139 ng Ab N/ml 
was significantly (p ^ 0.03) greater than that 
with the same sera which had been heat in- 
activated, indicating the importance of alter- 
native complement pathway activity for op- 
sonization within this lower antibody range. 

Therefore, measuring uptake with Mg- 
EGTA-chelated serum we found (1) type 19 
bacteria were more efficiently opsonized via 
alternative complement pathway than type 7, 
especially at low antibody concentrations; (2) 
at low antibody concentrations the alternative 
pathway played a major role in opsonization 
of both types 19 and 7; and (3) the opsonic 
requirement for complement could be over- 
come by high amounts of antibody alone for 
both types. 

Discossioo. In opsonization of S. pneu- 
moniae, type-specific antibodies to PPS and 
C3b attach to the bacteria (2-4). The presence 
of these molecules on the bacterial surface 
promotes adherence and ingestion of the or- 
ganism by phagocytic cells, which have re- 
ceptors for C3b and the Fc portion of certain 
classes of immunoglobulin. Classical comple- 
ment pathway activation requires the pres- 
ence of antibody, whereas the alternative 
pathway can be activated by the pneumococ- 
cus alone, probably via the teichoic acid con- 
stituent of its cell wall (15). The presence of 
antibody enhances activation of the alterna- 
tive pathway, however (15, 16). 

Various methods have been used to assess 
the opsonic requirements in man for different 
S. pneumoniae serotypes. These studies have 
not directly investigated the effect of antibody 
concentrations on opsonic requirements. Us- 
ing a complement consumption assay. Fine 
showed that some S. pneumoniae types acti- 
vated the alternative pathway in the absence 
of antibody (types 7, 12, 14. and 25). some 
other types could do so only if antibody was 
present (types 3, 4, and 8), and type 1 was 
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imabte to do so (S). The oonoentratioD of type- 
specific antibody in the pooled sera studied 
was not quantitated. 

Utilizing a chemiluminesoenct assay, Mat- 
thay et al. reported reduced opsonization of 
types 7, 14, and 19 with heat-inactivated im- 
mune serum, and a marked reduction with 
serum from which most type-specific anti- 
body had been absorbed with the type-^)ecific 
organism (9). The alternative complement 
pathway, assessed with MgEGTA-chelated 
serum, resulted in opsonic activity equal to 
that of immune serum for type. 19, and in- 
termediate activity for types 7 and 14. The 
chemiluminescence response, measured in 
sera of four individuals with varying type 19 
antibody concentrations (0 to 76S Ab N/ml), 
was greater in those sera with higher antibody 
amounts. However, the relative efiect of in- 
creasing antibody concentration on comfrie^ 
ment requirements was not studied. 

Giebink and co-workers utilized pooled sera 
in defining opsonic requirements for several 
S, pneumoniae types with a radiolabeled bac- 
terial uptake assay (7, 8). Their pooled sera 
contained 214 ng Ab N/ml of type 7, 668 Ab 
N/ml of type 18, 363 ng Ab N/ml of type 23, 
and 92 ng Ab N/ml of type 6. In dilution 
experiments, they found a serum concentra- 
tion of 10% was adequate to result in uptakes 
of ^40% for these types. With MgEGTAnrhe- 
lated serum, type 18 bacteria, for which the 
pooled serum contained the highest antibody 
concentration, was opsonized at a 10% serum 
concentration, while types 6, 7, and 23 re- 
quired 20, 40, and 60% serum, respectively, 
for ^10% uptake. Markedly decreased opso- 
nization was noted utilizing heat-inactivated 
serum for all except type 18, for which the 
serum contained the highest type-specific an- 
tibody concentration. 

In the present study, we employed a mod- 
ification of the method of Giebink et al (7, 
8) to investigate the effect of antibody amounts 
on opsonic requirements for types 7 and 19. 
Radiolabeled S. pneumoniae were opsonized 
with complement-intact, heat-inactivated, or 
MgEGTA-chelated sera from different indi- 
viduals immunized with PPS vaccine, and the 
bacterial uptake by human neutrophils mea- 
sured. It should be pointed out that the post- 
immunization sera utilized in our experi- 
ments may have contained different classes or 
quality of antibody than that in sera from 



nonimmune individuals. Furthennore, even 
after immunization, the quality tA antibody 
produced by difficrent individuals may vary. 
Our uptake results are not directly oompa- 
raUe to those crf'Gidxnk et al. (7, 8) because 
of difierences in the bactehameutiophfl latb, 
duration of bacterial opsonization, and other 
assay conditions. 

We have demonstrated increased opsoni- 
zation, as assrmrd by bacterial uptake, with 
increasing concentrations of type-^edfic PPS 
antibod>' in the compfement-intact scrum used 
for opsonization. This is in agreement with 
previous studies (7-9). Minimal uptake was 
found using hypogamma^obulinemic serum 
with no PPS antibodies. The increase in up- 
take with antibody oonoentration was rela- 
tively Unear for type 7 bacteria, and less so 
for type 19. We found greater oonoentiatioiis 
of antibody were required for opsonization of 
type 7 than type 19 with oomplement-intaa 
serum. 

A major finding of this study is that at high 
concentrations of antibody the lequirement 
for complement for opsonization of types 7 
and 19 could be overcome. For type 7 this 
occurred at ^15 X 10~^ ng Ab N/bacterium, 
and for type 19 at ;^3.5 X 10^ ng Ab N/ba^ 
terium. At these high antibody levels, opson- 
ization in heat-inactivated sera resulted in 
bacterial uptake equal to that of the same 
comi^ement-intact immune sera in all but one 
sample tested. It should be noted that Giebink 
et al. found opsonic activity for only type 18 
with heat-inactivated pooled sera, but it ws 
for this type which their pooled sera contained 
the greatest concentration of antibody (7). 

At lower antibody levels, complement ac- 
tivity was important for opsonization of both 
types 7 and 19 bacteria as demonstrated by 
differences found between uptakes in oom- 
plement-intact versus heat-inactivated im- 
mune sera. In heat-inactivated sera, there ms 
also increased opsonization with higher an- 
tibody concentrations, and type 7 requiied 
greater amounts of antibody for opsonizatioB 
than type 19. 

We have shown that type 19 bacteria 
opsonized efficiently via the alternative 
plement pathway at all antibody concenHi- 
tions tested, with uptake using N4gEGTA-chB- 
lated sera equal to that with complemefll- 
intact sera. By comparing the uptake ii 
MgEGTA-chelated sera to that in heal-4nv- 
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tivated sera, we found the contribution of 
ahemative complement pathway activity to 
opsonization was greater at lower concen- 
trations of antibody. At high antibody 
concentrations, the presence or absence of al- 
ternative complement pathway activity did not 
appear to affect uptake. 

With type 7, the presence of some antibody 
was required for uptake in MgEGTA-chelated 
serum. Although only a few samples with low 
antibody were measured, in all there were dif- 
ferences between MgEGTA-chelated and heat- 
inactivated serum, indicating an important 
role for alternative complement pathway ac- 
tivity. This was not the case in three out of 
four sera with high concentrations of anti- 
body, where MgEGTA-chelated sera yielded 
uptakes equal to or greater than that in com- 
plement-intact or heat-inactivated sera. As 
with type 19, at high concentrations of anti- 
body, it was antibody which provided virtu- 
aUy all the opsonic activity for type 7. 

At least three conclusions concerning the 
study of host defenses against S. pneumoniae 
can be drawn from our results. First, heter- 
ogeneity exists among pneumococcal sero- 
types with respect to the antibody concentra- 
tions required for their effective opsonization. 
We found in a limited number of subjects that 
immunization with type 19 PPS, as part of 
the polyvalent vaccine, resulted in lower post- 
immunization antibody concentrations than 
type 7. Type 19 oiganisms, however, were 
more efficiently opsonized at lower antibody 
concentrations than type 7. Studies to deter- 
mine any correlation between serotype patho- 
genicity, antibody reqx>nse, and antibody re- 
quirements for opsonization would be desir- 
i^Ie to determine whether this is coincidental 
for these two serotypes, or a more general phe- 
nomenon. 

Second, complement requirements for S. 
pneumoniae opsonization may vary depend- 
ing on the concentration of antibody in the 
sera. For example, we found opsonic activity 
in heat-inactivated immune sera to be equal 
to that in complement-intact sera when high, 
but not low concentrations of type-specific 
antibody were present. Therefore, one must 
take into account antibody concentration as 
a variable when studying complement re- 
, quirements, and the results of previous stud- 
I ies which have not considered this variable 
, should be reinterpreted. 



Finally, although one cannot assume our 
in vitro results necessarily apply in vivo, our 
findings suggest that one might overcome op- 
sonic defects for S. pneumoniae due to ab- 
normal classical or alternative complement 
pathway activity by sufficiently increasing 
type-specific antibody concentrations. Such 
antibody levels were achieved for types 7 and 
19 in three of six healthy individuals we im- 
munized with polyvalent PPS vaccine. In 
sickle cell disease, firequent pneumococcal in- 
fections have been attributed to abnormal al- 
ternative complement pathway activity as well 
as to abnormal ^lenic function (17, 18). The 
efficacy of PPS vaccine immunization in sickle 
cell disease patients (19, 20) may result firom 
raising type-specific antibody concentrations 
high enough to overcome the opsonic defect 
in alternative complement activity and/or 
splenic dysfunction (21). 
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EllBcts off Thyroid Hofmone on the Gluooneogenic Capacity 
off Ljpemic BHE Rats^ (41544) 

CAROLYN D. BERDANIER 

Departmgm of Foods ami Smnikm, L'mwenity cf Georgia, Athens, Georgia J0602 



Abstract, duconf ly Pf .ik sud kgtopEnms frooi a vuiety of sobstmes by aoiiicd hcpBitoc^tcs 
finom tliyrouDe-ticttod and cxMitrol 4CMir sarved BHE ms were detennined. Thyroid honnooe 
liioose pfodocDoo finoan faKtatte and mhibtied ^uoooe producDoo from 

glycaol was deuused in the cdb from ihyiouune-ucjled rats^ CByoerol had a gieam antike- 
togenic cficct in the tfayroaone-trealed latstkan in tfaecootiol tats^ Aoctoacetale prodoctioo from 
10:1 lactaieiiynivaie. faKtale plus SHJd faKtale plus lysne. and faKtale phis cthanol was abo 
less in the hcpatoc^tes from the thyraune-treated tats^ Acctoaoetaie pfoductioo from j 
I by thyiaune treameat. From tlieK results it can be wgnird that the i 
( previoudy reported in the BHE rats can. in part be atu ib uia bie to a 
in c n doynous thyroid hormoiie actioo and in part due to some as yet unknown rcgnlalory 
process within the bi^cr cefl. 



Gluconeogniesis. or the synthesis of ghi- 
cose, has been shown to be controlled in part 
by the activity of the malate-aspartate shuttle 
(1-3) and in part by hormones such as ghi- 
cagon (4-8X epinephrine (4-7X Cortisol (9X 
and thyroxine ( 10-14X The thyroid hormone 
not only stimulates ghiconeogmesis but abo 
affects metabolism in other ways as wdL It 
increases the activity o( the o-^ycerophos- 
phate shuttle (IS, 16). mitochondrial 
Ca^'Mg^* ATFse (17), mitochondrial oxy- 
gen consumption (14, 16, 18-20X the activity 
of adenine nucleotide translocase (20, 21X 
caldtmi ion movement (22-24X and lowers 
the phosphorylation state of the hepatic oeO 
(2SX All of these actions resuh in an increased 
turnover of metabolic fuels, particularly glu- 
cose, within the hepatic celL 

In a previous paper we reported that the 
normally *^slower^ mitochondrial activity of 
the BHE rat^ could be increased by thyroxine 



' S^iporied by Georiia Agrkutanl Experimeal Sta- 
tion Proicct H635 and MIH Grant AM21667. 

^ The BHE sttain onipnaied from a croai between dK 
Osborne-Mendel and the Pem^fWaam State Colcae 
strains. A colony of these rats is ma j ntanrd at the Uni- 
i^ersty of Geofipa. The rats are chaeaclerizBd by a f 




treatment (26). Both the a-gl>cerophosphate 
and the malate^-aspartate shuttles were af- 
fixted as was the Ca*"Mg^* ATFse activity. 
We have also reported that isolated hepato- 
cytes from BHE rats synthesized more glucose 
firom a variety of substrates than did hepa- 
tocytes firom M^star rats (27X Since the thy- 
roid hormones are so important in the n^ 
Illation of mitochondria] activity which, in 
turn, is involved in the r^^lation of gluco- 
neogenesis. studies of the ghiconeosenic re- 
sponse to this hormone by the BHE rat nugbt 
assist in our imderstanding of how the hor- 
mone functions in the regulation of this pro- 
cess. Secondarily, the results of these studies 
would expand our understanding of how the 
lipemic/glycemic BHE rat differs firom its nor- 
mal counterpart Thus, this paper reports on 
the efects of thyroxine administration on the 
^uconeogenic c ap ac ity of hepatocytes iso- 
lated firom 40-hr starved young BHE male 
ratSw 

Mrtcriab aai Methods. Two groups of 
male 50- to 6(Kday-old BHE rats^ were used. 
One group was injected, sc, with 10 |ig thy- 
roxine/100 g body weight while the other 
group was injected with solvent only and 
served as the control group. The dose of thy- 
roxine was divided into two portions aKfanin- 
istered at 12-hr intervals. Thyroxine was dis- 
solved in S mM NaOH to a concentration of 
1 mg/mL The sohdioo was made finesh daily. 
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TABLE I. Glucose Production by Isolated Hepatocytes of Thyroxine-Treated 
AND Control 40-hr Starved BHE Rats' 







Treatment 


Incubation medium 


Control 


10 Mg thyroxine/100 g/day 


No additions, time 


3.08 ±0.28 (12)* 


1.69 ±0.12 (12)* 


No additions, 60 min 


8.63 ±0.58 (14) 


4.46 ±0.17 (10)* 


Lactate, 10 mM 


41.0 ±4.1 (12) 


52.0 ±3.7 (12r 


Pyruvate, 10 mM 


38.8 ±3.8 (14)* 


30.8 ±2.5 (11)* 


Lactate, 10 mM + pyruvate, 1 mM 


57.5 ±4.8 (14)* 


68.7 ±3.4 (12)* 


Lactate. 10 mM + NH4a, 5 mM 


63.5 ±6.3 (14)* 


41.7 ±3.4 (12)^* 


Lactate. 10 mM + lysine. 2 mM 


57.8 ±5.9 (14)* 


66.4 ±2.14(11)* 


Lactate. 10 mM + etbanol, 10 mM 


23.2 ±3.3 (13)* 


11.8 ±0.28(11)* 


Alanine, 10 mM 


24.3 ±3.1 (10)* 


9.10 ± 1.81 (10)^* 


Glutamate, 10 mM 


19.3 ±5.2 (14)* 


8.08 ± 0.28 (12)^* 


Glycerol, 10 mM 


28.8 ±2.0 (14)* 


48.8 ± 1.92(11)* 


Dihydroxyacetone, 10 mM 


121.5 ±2.1 (14)* 


115.2 ±9.85(12)* 



^ Cells were incubated 60 min, 37** in Krebs Henseleit buffer containing 2.5% fraction V albumin with or without 
added substrates in a total volume of 4 ml. 

* Results are /imole glucose/hr/g cell wet weight, mean ± SEM. Number of observations in parentheses. Significant 
{P < 0.05) hormone treatment differences are indicated by *; significant {P < 0.05) differences attributable to substrate 
addition to or substitution of lactate are indicated by *. 



After 2-3 days of treatment oxygen con- 
sumption was determined using a whole body 
respirometer to ascertain the effectiveness of 
the treatment. 

After 7 days of thyroxine injection, the an- 
imals were starved for 40 hr. Isolated hepa- 
tocytes were prepared according to the Krebs- 
Comell modification of the Berry and Friend 
technique (28, 29). Viability of the cells were 
ascertained by trypan blue exclusion. Prepa- 
rations were considered acceptable if 90-95% 
of the cells excluded the dye. Cells (75 mg wet 
weight) were suspended in Krebs-Henseleit 
buffer containing 2.5% fraction V bovine 
serum albumin. The albumin had been di- 
alyzed with buffer to remove the excess ci- 
trate. Cells were incubated without added 
substrates or with the addition of 10 mM lac- 
tate, 10 mM pyruvate, 10 mM alanine, 10 
mA/ glutamate, 10 mA/ glycerol, 10 mA/ dihy- 
droxyacetone or 10 mA/ lactate plus 1 mAf 
pyruvate, 5 mAf NH4a, 2 mA/ lysine or 10 
mA/ ethanol in a total volume of 4 ml. After 
60 min of incubation at 37°, the cells were 
killed by the addition of 0.2 ml 60% PCA. An 
aliquot of the cells prior to incubation was 
treated with PCA to provide the initial values 
for glucose, ketones, and ATP. The ATP con- 
tent was used as another criterion of cell vi- 
ability. Preparations having initial ATP val- 



ues of less than 2 ^niole ATP/g wet weight of 
cells were discarded. Ideally, isolated hepa- 
tocytes should contain between 2 and 3 fimok 
of ATP/g wet weight.^ After KOH neutral- 
ization, the glucose (30), ketone (3 1 ), and ATP 
(32) content of the cells were determined. 
Glucose, j3-hydroxybutyrate and acetoacetate 
production were calculated as micromoles 
product formed per hour per gram wet weight 
of cells. ATP content was calculated as mi- 
cromoles per gram wet weight of cells. Sig- 
nificant differences attributable to thyroxine 
treatment or to the addition to or substitution 
for lactate were ascertained using a t test for 
groups of unequal number (33). 

Results. Most investigators have used 48- 
hr starved rats for their studies of gluconeo- 
genesis. However, our thyroxine-treated BHE 
rats could not withstand 48 hr without food 
and we were thus forced to use a shorter star- 
vation period. Nonetheless, the values ob- 
tained for glucose production compare fa- 
vorably with those in the literature. Glucose 
production ft-om lactate or pyruvate (Table I) 
was slightly higher than that reported by Cor- 
nell et al. for female 48-hr starved Wistar rats 
(28) and significantly higher than those values 



^ N. Cornell, personal communication. 
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(lied previously (27) for 40-hr starved male 
tar rats. The effects of lactate plus pyni- 
, lysine or NH4CI on glucose production 
epatocytes from control 40-hr starved rats 
Afise are consistent with those results re- 
ed by Cornell et al. (28). The inhibition 
iuconeogenesis by ethanol when added to 
ite was similar to thai reported by Krebs 
A (34) who used a perfused liver system 
er than isolated hepatocytes. 
rcalment with thyroxine appeared to 
rmalize" glucose production from some 
not all of the substrates used. For ex- 
>le, glucose production was lower in the 
oxine-treated rats when NH4CI, alanine, 
;Iutamate were added to the lactate-con- 
ing incubation media but was stimulated 
n lactate alone or glycerol were used. No 
5r thyroxine treatment effects were ob- 
ed. The effect of ethanoJ on glucose pro- 
tion from lactate was more pronounced 
epatocytes from the thyroxine-treated rats 
1 from the nontreated rats. The values for 
hepatocytes from the thyroid-treated rats 
e very similar to those reported previously 
Wistar rats {27). 

-onsislent with our previous reports of el- 

:ed /3-hydroxybutyrate:acetoacetate ratios 

rozen clamped liver (35 and elevated ke- 

levels in the blood of starved rats (36), 

me production (Table II) by hepatocytes 

Q both control and thyroxine-treated rats 

higher than that reported by others 

38) and higher than that reported for 

ir starved Wistar rats of the same sex and 

(27). 

-Hydroxybutyrate production (Table II) 
unaffected by thyroxine treatment except 
jn glycerol was used as the substrate. With 
substrate, ^-hydroxybutyrate production 
reduced. This was in contrast to the pro- 
tion of glucose which was increased m the 
atocytes from the thyroxine-treated rats 
ipared to the control rats. 0-Hydroxybu- 
ile production was decreased when NH4a 
added to the lactate-containing medium 
when alanine, glycerol, or dihydroxyac- 
le were used as substrates, /3-Hydroxy- 
yrate production was ncreased when 
mol was added to the lactate-containing 
iium. Note again the reciprocal relation- 
> between glucose and f?-hydroxybutyratc 
Auction. 
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AcetOQcetate production was lower in he- 
patocyten from thyroTcine^reated rats than in 
hepatocytes from control rats when pyruvate. 
SU/X lysine, or ethanol were added to the 
lactate^ontaining media and higher when al- 
anine was the substrate used. DifEerences in 
acetoacetate production with the different ad- 
ditions to the incubation media were ob- 
served. All but pyruvate, alanine, and gluta- 
mate lowered the acetoacetate production by 
the hepatocytes. The medium having lactate 
as a substrate resuhed in a reduction (from 
the basal) in acetoacetate production. Glyc- 
erol or dihydroxyacetone addition did not 
lower acetoacetate production to the same ex- 
tent as did the addition of lactate to the in- 
cubation media. 

The hepatocyte content of ATP at the be- 
ginning and end of the incubation period dif- 
fered little. Thyroid treatment likewise did not 
affect hepatocyte ATP levels. Of the various 
substrates used, only glycerol affected the ATP 
content of these cells. Cells incubated with 
glycerol had less ATP (0.88 ± 0.03 vs 2.10 
± 0. 1 1 ), and thyroid treatment resulted in a 
partial restoration in the ATP content of these 
hepatocytes incubated with glycerol (1. 65 
± 0.09 vs 0.88 ± 0.03). The difference attrib- 
utable to the thyroid treatment was probably 
due to the effect of this hormone on the a- 
glyccrophosphatc dehydrogenase in the mi- 
tochondria and the mitochondrial a-glycero- 
phosphatc shuttle (15, 16, 26, 40-^2). While 
thyroid treatment affected the ATP content 
of the cells incubated with glycerol, it also 
resulted in an increase in glucose production 
by the hcpat(K*ytes from these rats. Since glu- 
cose production from glycerol uses ATP in 
the initial glyccrokinasc step, these observa- 
tions suggest that the ADP thus produced, is, 
under the influence of the thyroid hormone, 
more rapidly translocated into the mitochon- 
dria and rcphosphorylatcd via oxidative phos- 
phorylation. Thyroid hormone has been 
shown to allect adenine nucleotide translo- 
cuMT (21) and probably explains why the above 
(KTurs. It would also appear that under the 
influence of the thyroid hormone, less **fulile" 
cycling, i.e., fructose 6-phosphatc to fructose 
1 ,6-diphosphate to fructose 6-phosphale, oc- 
curs which would reduce the amount of ATP 
utilized in the production of glucose such that 
the cellular A IP content would increase. Sol- 



ing and Kleiiieke (43) haw p i u p uacd such an 
explanation for the observed species diflfer- 
eoces in the energy com and regulatioo of 
gjuconeogeiiesis. 

IHiifMJM The resoits of the pvesent woffc 
indicate that ahfaougb thyroid hormone can 
stonuiate glucose synthesis in BHE nds. it does 
so selectiveiy rather than a cccitfati ng ^uoose 
production from aD substrates unifonnly. Re- 
ports in the literature indicate that thyroxine 
induces an increase in the activity ofa num- 
ber of gluconeogenic enzymes (44) as wefl as 
an increase in the conversion of alanine to 
glucose ( 1 1 ), in lactate utilization for ^uoose 
formation ( 10), and in the conversion of py- 
ruvate to glucose (46). Contrary to Singh and 
Snyder's work (II) with Sprague-Dawley rats, 
thyroid hormone administered to the BHE 
rats inhibited alanine conversion to glucose. 
In addition, it inhibited the stimulatory effect 
of NH4CI on lactate conversion to glucose and 
the utilization of giutamate for glucose pro- 
duction while not affecting the stimulatory ef- 
fect of lysine on lactate utilization. These dif- 
ferences from Wistar and Sprague-Dawley rats 
together with our previous report (27) of in- 
creased glucose synthesis from these same 
substrates above that observed in Wistar rats, 
suggests that injections of thyroid hormone 
served to "normalize" (rather than induce) 
the gluconeogenic process in the BHE hepa- 
tocytes. It also suggests that when thyroid- 
treated BHE rats are starved they will be more 
like the Wistar rats in their choice of body 
tissues catabolized for fuel. That is, instead of 
losing more body protein and less body fat 
than Wistar rats (46), the reverse will be true. 
These differences in gluconeogenesis from ni- 
trogen-containing substrates lend further sup- 
port to the notion that the control of both 
urea synthesis and glucose synthesis rests with 
the functional capacity of the mitochondrial 
membrane to exchange metabolites, ions and 
adenine nucleotides via the various shuttle and 
translocase systems. While no studies have 
been conducted on the hepatic ureogenic ca- 
pacity of BHE rats, it has been shown that 
ammonia levels (in relation to urea levels) in 
frozen clamped tissue are higher in these rats 
than in Wistar rats (35). While no evidence 
has been obtained that anion transport is rate 
limiting for gluconeogenesis and ureogenesis, 
the intracellular calcium ion movement may 
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trve to regulate both processes. Calcium 
tivates mitochoiidrisil fatty acid oxida- 
n\ stimulates gluconeogenesis (48-SO), 
I general acts as a second messenger for 
sty of hormones including the thyroid 
>ne. Thyroid hormone enhances mito- 
lial calcium uptake (22-24) and in so 

apparently increases the exchange of 
le nucleotides by the adenine nucleo- 
ranslocase (21). The first rate-limiting 
Tureogenesis is the carbamyl phosphate 
stase step. In the mitochondria, this en- 
competes with the translocase for ATP 
* the affinity of the translocase is high, 
mpetition will not be as successful as if 
Knity of the translocase is low. The cal- 
on may well affect this affinity and hence 
^ determine the rate of urea synthesis, 
the BHE rat, there was an impairment 

calcium ion movement either into or 
r the mitochondrial compartment the 
ination of gluconeogenesis and ureo- 
s, described Meijer etal.(5\ ), would not 
efficient If this is true, then one might 
t an increase in the rate of giuconeo- 
s accompanied by an increase in the 
of ammonia in the cell. Detailed studies 
t needed to support such an hypothesis, 
lough thyroid hormone decreased glu- 
genesis from substrates containing ni- 
i, it did not aflfect gluconeogenesis from 
^ In fact, thyroid hormone-treated rats 
^n greater rates of gluconeogenesis than 
ontrols who, in turn, synthesized nearly 
nore glucose from lactate than Wistar 
^^hik thyroid hormone enhancement of 
leogenesis from lactate is consistent with 
erature on thyroid hormone action, the 
noes due to strain suggests that while 
f the abnormality in the BHE rat which 
I in a maturity onset lipemia, glycemia, 
erative tissue changes, and a shortened 
in may be attributable to some abnor- 
r in endogenous thyroid hormone ac- 
D these rats and correctable by exoge- 
thyroid hormone administration, there 
mains a part which has yet to be elu- 
d. That part seems to be intimately re- 
U> the interplay between the regulation 
', redox state and the phosphorylation 
rf'tbe cytosolic and mitochondrial corn- 
tents. This suggestion arises from the ob- 
ions of raised redox and phosphoryla- 



tion states in frozen clamped livers (35) and 
from the current work which showed eleva- 
tions in glucose production when the lac- 
taterpyruvate ratio was manipulated. Future 
work will need to focus on this aspect of in- 
termediary metabolism in the BHE rat com- 
pared to ttie Wistar rat. 
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Ahntratt. The cardtovMcular eflecu of isoprenaliiit, methaciioluie, and sodium mtropnisside 
were ttudied in tp^mianeously hypertensive (SHR) and in Wistar-Kyoco nonnotensive (WKY) 
fnX%. f n conscknM rats with chronic indwelling arterial cannulae, metharholinr caused a much 
greater fall in mean arterial blood pressure (MAP) in SHR rats, abolishing the initial 30-40 mm 
Mg difference in MAP at a dose of 2.5 ^<g/kg. The hypotensive response to methacfaoline was 
acamipanied by reflex tachycardia in WKY rats but by a dose-rdated bradycardia in SHR rats. 
l4c?prenaline increased heart rate and reduced blood pressure to a similar extent in rats of both 
Mrains. Administration of sodium nitroprusside resulted in a hypotensive response that was of 
greater duration in SHR rats. In addition, the reflex tachycardia was more marked and of greater 
duration in WKY compared to SHR rats. This demonstrates that the baroreflex response to 
vaMxlilati(m is suppressed in SHR rats and that this may contribute to the increased vasodepressor 
resp<inse of these animals to methachohne. However, when baroreflexes but not initial MAP 
were suppressed with pentobarbital, methacholine caused a similar degree of bradycardia in SHR 
and WKY rats but a greater vasodepressor response in SHR rats. With isoprenaline, the MAP 
difference between strains was maintained at all doses up to 2(X) ng/kg. Although it is not yet 
clear what is responsible for the increased vascular constriction of SHR rats, our findings suggest 
that it can be removed by muscarinic receptor activation with methacholine but not by stim- 
ulation of /!/-adrenoceptors. 



Spontaticounly hypertensive (SHR) rats, 
origitially developed by Okamoto and Aoki 
( I ), are widely regarded as an appropriate an- 
imal nuxlel for essential hypertension in hu- 
mans (2, 3). In both SMR rats and in some 
hypertensive patients, it has been suggested 
that the development of hypertension may be 
asstKiatcd with increased sympathetic tone (4, 
^). Such increases in sympathetic nervous sys- 
tem activity ct>uld bring about a reduction in 
the sensitivity of vascular /^{-adrenoceptors 
whiclt me^liate vasixlilation to catechol- 
amines, leaving the vasixx)nstrictor effects un- 
op|x>soit (^). Ihis suggestion was supported 
by in \Uw data which demonstrated that the 
sensitivity of aortic strip preparations from 
SHR rats to the relaxant effects of isoprena- 
line was significantly less than for normoten- 
siw c\>nti\>ls (7. 8>. 

The pnKvnt study was undertaken to ci>m- 
\wvo the ertects of isopnenaline* methacholine, 
ami !^x1ium nitn^prusside on the cardio\^»- 
cular sx^tem of S-monthn^ld ci^nscious SHR 



\ o >kiHNm all oiMTR^MHtciKT j^KiXiM be addressed. 



and Wistar-Kyoto normotensive (WKY) rats. 
By 8 months of age, SHR rats have sustained 
elevations in blood pressure as well as several 
complications of hypertension, including left 
ventricular hypertrophy, impaired renal func- 
tion, and structural changes in the vasculature 
(2, 3). Thus, any differences between strains 
in their cardiovascular responses to drugs must 
be viewed as resulting from genetic differences 
between SHR and WKY rats and from the 
numerous complications of established hy- 
pertension observed for SHR rats. It has been 
demonstrated that the usual indirect proce- 
dure for measuring arterial blood pressure in 
conscious rats (tail-cuff method) causes in- 
creases in plasma catecholamines, particu- 
larly in SHR rats, because of the restraining 
and heating procedures (9). Since these effects 
wx'>uld obviously obscure or distort the effects 
of isoprenaline and methacholine. Mood pres- 
sure was measured directly by means of a per- 
manent indwelling tail artery cannula vitiiit 
lats remained undisturbed in their home cages. 
UiHler such conditions, plasma catechol- 
amines remain low and are similar in SHR 
and WKY rats (5, 8, 10). 
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Mccho*. Adult male SHR and WKY rais. 
8 months of age and wdgfaing 375-^fH) g. were 
obtained firom Taconic Faims, Germanlown, 
Scv York, and housed in groups of 4 or .^ 
for at least one week prior to use. Food and 
vfater were available continuousiy and the vi- 
varium was maintained on a 1 2-hr light: 1 2- 
hr dark photopehod (lights on at CXHX) hr). A 
PE 50 cannula was inserted into the ventraJ 
caudal arter\ of each SHR and WkY rat while 
under pentobarbital anesthesia (^). In some 
experiments, a cannula of silastic tubing was 
also inserted into the left jugular vein, led out 
at the back of the neck and taped to the sphi\g 
wire covering the arterial cannula. Rats were 
then housed singly in plastic cages and the 
cannulae were flushed twice daily with 0.5 ml 
of 0.9% saline containing 500 U/ml of sixiium 
heparin. For experiments on anesthcti/cii rats, 
animals were injected with pentobarbital (40- 
50 mg/kg, ip) and PE 50 cannulae were in- 
serted into the ventral caudal arteries. Drug 
studies were then performed using this acute 
preparation. An additional dose of pentobar- 
bital ( 10 mg/kg) was given approximately one 
hour after the first to maintain a stable level 
of anesthesia. 

Blood pressure was measured by connect- 
ing the end of the arterial cannula directly to 
a Statham pressure transducer {F23AC) with 
tracings made on a Grass polygraph. Heart 
rate was measured with a Grass tachometer 
that was triggered b> fluauations in aaeriai 
blood pressure. Using this technique, direct 
measures of mean arterial blood pressure and 
heart rate can be obtained from conscious rats 
that are undisturbed in their home cages 
Drugs were injeaed mio the aaeriai cannula 
b> using a three-wa> stopcock oi were in- 
jected directly into the venous cannula. All 
drug injections were given in a voJume oiv.2 
ml and were flushed in with 0.2 ml o1 V.9'-- 
saline. Three to five doses of either isopien- 
ahne or methachohne were inje^ied uiiiaar 
tcrialK twice into each rat in asi^ndin^ order 
of magnitude ai tniervais o< noi iess tJiai f 
min to avoid lachyphyiaxi'- Oni> om. diu^ 
was administered to eacfi ol eighi pans ol SHK 
and WR^ rats. Sodiuiii iiiiruprussiO^ *.: mK 
kg) was injected iniravcnousiy uuu wonsciou> 
SHR and WK> rats. C oniic»i inieciions ol ( .- 
ml of sahne were aisi) ficrkMinec uik' ^%l-[i. 
not observed ic* havt bigiiilicdir ctiec^ ui 



MAP or heart rate. I he iua.\iiuuni vhaii^es 
m mean artenal pressure and hcait laic wore 
recorded foi a gi\cn Jusc oi each <hix^. li\ 
addition* the Juration ol aLiioa of Lsopiviu 
line and sodium lutiopru.sMdc \\a.s e.slinuied 
for each .uninaJ b\ inca.surin^ the luue fioiu 
drug iiijccuon unul ihe nieaii arieiial pressuie 
and hcai'i rate relumed ii.* pieiiiieeli«.ui \ allies 

L>rugs were obtained tuna Uie tolUuviiik; 
si.>urecs: I -KSi>pienaluw sultaie Uoiu Sieiling 
Winihrop. Rcnssebei, \ev\ \vuk. luelluuho 
line ehUuide ftom \Uliuh C heiuieal i\nu 
pan\. Milwaukee. NN iM.-ousm. and sodiiiiu ni 
iroprusside tvoiu RiKhe I aboiaiones NiiilcN 
NoNx .leisi*>. Sohiuons i»l isopieiialme \\{\ 
eluding asii^rhie .ww\, 10 ^ig lul. as an an 
tioxidanl). mclhai'luUine. aiul sodnuii mho 
prusside ucie ptcpaieJ lieshl\ in IJ ^>'. saline 
betiue eaeh cKpciinieni aiul sloied on lee nn 
til use. All doses aie expies.seJ as nanogiains 
iH niierogiains per kilo^iam kA ilie salt Sin 
dent's / test v^as iiseil lo t^oinpare liie mean 
values tor MAP aiul heari lale ol SIJK and 
WKY rats 

Resuhs. llieaveiage leshn^ MAi' J M ol 
all conscious SHK lals in liiis sluJ\ v\as 153 
1 5 mm ii^ ctiinpaieJ lo a value ol 1 U) j 3 
mm lig loj conseious WK^ lais </' 01) 
Ihe mean heart rate ol SJJK lats i}i(^ J () 
beats/n)in) was also higlier than ihai oi V\K^ 
rats (300 : / Ixais/min; </' ■ 0.05> 

Isoprenaiiae increaseJ Ijluji jau i)> sjiiuiiii 
aniouals and toi similaj dtiiaiioiio in ;.<.)n 
scious SHK and WK^ lals ai luj^I. •>! iliiee 
doses (1-1^ 1 and table \) MAV vsa.v alv.i u 
duccd m SHK and WKV lals I)', llie sann 
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amount M aich dost levd so that the hmiai 
ttnbn deference in MAP of 30 mm f% was 
mamtaiMd (Fig, 2X However, the dofaboo of 
the (Ssrfl in MAP was significantly loogtr 
(f^% < 0.005) for SHR rats at each of the three 
doses of isof)renaline (TaMe I). 

MethachoHne caused a pronounced rcilex 
tachycardia in WKY rats whik in SHR lats 
only a dose^elated twadycardia was observed 
(Fig, 1). In addition, methachobne caused a 
much greater fall in MAP in SHR ratSw Thus, 
at a dose of 2.5-5 MgAg of methachobne, the 
MAP reached the same level in the two strains 
of rats in spite of an initial differenc e bawceu 
strains of 42 mm Hg (Fig. 2), 

Pentobarbital anesthesia did not signifr- 



cantly lower the resting MAP of either s 
ofnos. nor did it raise the heart me of 
rafs. However, the heart case of WKY nd 
increased significantiv fioOowing pentol 
falanesthesiafirom 306 ± 7 to335 ±91 
min (P < 0.05X The increase in heart ra 
duced by isoprenabne was similar in 
thedzed rats compared to conscious rats 
was of f"w»far magnitude in the two si 
at each of five dose levels. On the other 1 
pentobarbital anesthrsia abohsfaed the i 
tach ycar dia of WKY rais induced by m 
chobne, converting it to a dose^rdated 
dycardia similar to that seen in SHR rats 
3). Isoprenaline lowered the MAP of 
thetized SHR and WKY rats by sii 
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I III. I . liHcctii of isoprentline (A) and methacboline (B) on heart rate in conscious SHR and WKY rat 
( ). WKY rats; •. SHR raU. * denotes signiftcant from WKY rats {P < 0.05). 
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Bg. 2. Effects of i 
WKY ms; •, SHR nis. ' 



; (B> on MAP in oonxaoiis SHR and WKY i 
from WKY rate (/>< 0.05). 



amounts and for sunilar durations, so that at 
each dose levd thediflferenoe between strains 
in MAP lenudned between 26 and 35 mm Hg 
(Fig. 4 and Table D). In anesthetized rats» iso- 
pienaline caused a significant reduction of 
MAP at lower doses when compared to con- 
scious rats of the same straiiL For example, 
in SHR rats a dose (rf'SO ng/kg of isoprenaline 
produced a fid! in MAP erf* 12 ± 1 mm Hg in 
conscious animals and 29 ± 3 mm Hg in anes- 
thetized animals {P < 0.01). Similarly, in 
WK Y rats a dose of SO ng/kg of isopienaline 
produced a fidl in MAP erf* 16 ± 2 mm Hg in 
conscious animals and 30 ± 4 mm Hg in anes- 
thetized animals {F < O.OS) (compare Hgs. 2 
and 4). 



Anesthetized SHR and WKY rats were also 
more sensitive to the vasodepressor effects of 
methacholine than were conscious rats, espe- 
cially at doses of 1 fig/kg and less. In addition, 
methacholine had a more marked hypoten- 
sive effect in SHR than WKY rats. For ex- 
ample, a dose of 1 fig/kg of methacholine pro- 
duced a £dl in MAP of 83 ± S mm Hg in 
anesthesized SHR rats and 41 ± 6 mm Hg in 
anesthesized WKY rats (F < 0.01). Thus, the 
initial strain difference in MAP of 43 mm Hg 
in anesthesized rats was abolished by a dose 
of 1 Mg/kg of methacholine (Fig. 4). 

Intravenous injection of sodium nitropnis- 
side (2 Mg/kg) into conscious rats resulted in 
a pronounced fall in MAP of greater intensity 
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Fig. 3. Eflfects ofisoprenaline (A) and methacboline (B) on heart rate in pentobarbital-anesthetized SHR 
and WKY rats. A, WKY rats; A, SHR rats. * denotes significant difference from WKY rats {P < 0.05). 



but of much shorter duration than after the 
highest dose of isoprenaline (Table III). The 
duration of the hypotensive effect of sodium 
nitroprusside was approximately 44% greater 
in SHR rats (P<0.01). Although the final 
heart rate reached after this dose of nitro- 
prusside was not different in the two groups 
of rats the increase in heart rate of 1 30 ± 11 
beats/min was more marked (P < 0.05) and 
of greater duration {P < 0.01) in WKY than 
SHR rats. 

Discussion. The direct effects of isoprena- 
line on the cardiovascular system which result 
firom activation of j3-adrenoceptors are: (a) 
stimulation of the SA node to produce tachy- 
cardia, (b) stimulation of cardiac muscle to 
increase contractile force, and (c) dilation of 
peripheral blood vessels to produce hypoten- 
sion. Methacholine, acting on muscarinic 
cholinergic receptors, causes vasodilation and 
has negative inotropic and chronotropic ef- 
fects on the heart. In contrast, nitroprusside 
produces vasodilation by a direct action on 



vascular smooth muscle. These actions also 
result in a number of indirect effects, which 
include activation of baroreceptor reflex 
mechanisms as a result of a lowering of pres- 
sure in the aortic arch and carotid sinus. This 
reflex response stimulates sympathetic ner- 
vous system activity, inhibits vagal influences 
on the heart and inhibits sympathetic cholin- 
ergic vasodilator fibers in skeletal muscle to 
cause tachycardia and vasoconstriction (11). 
These indirect actions of the drugs would be 
expected to hasten the termination of the hy- 
potensive response and restore blood pressure 
to its control level. 

The present findings in conscious SHR and 
WKY rats demonstrate the considerable in- 
fluence of baroreceptor reflex activity on the 
vasodilator responses to isoprenaline, metha- 
choline, and nitroprusside. In addition, this 
activity was found to be impaired in SHR 
rats. Previous studies using vasoconstrictor 
agents have also shown that baroieoeptor 
ftinction is deficient in hypertensive rats (12- 
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Fk}. 4. Effects of isoprenaline (A) and methacholine (B) on MAP in pentobarbital-anesthetized SHR 
and WKY rat*. A, WKY rats; A, SHR rats. • denotes significant diflferencc firom WKY rats {P < 0.05). 



TABLE n. Duration OF Changes IN Mean Arterial 
Pressure (MAP, mm Hg) and Heart Rate (HR, 
beats/min) of Pentobarbital-anesthetized 
SHR AND WKY Rats following Admini- 
stration OF ISOPRENAUNE* 



Duiatioii of chanie (sec) 



Dene of 

iiopwnahiic 

(ng/kg) 



MAP 



HR 



SHR 



WKY 



SHR 



WKY 



10 26 ± 5 54 ±14 36 ±13 66 ± 27 

25 85 ± 6 100 ± 15 88 ± 15 144 ± 37 

50 119 ±11 121 ± 3 174 ±31 203 ± 39 

100 143 ±8 153 ± 18 224 ± 16 216 ± 40 

200 205 ± 24 205 ± 48 281 ± 40 305 ± 54 

* Values are means ± SEM for groups of four to seven nta per 



14). Thus, while the vasodepressor response 
to methacholine resulted in dose-related 
tachycardia in WKY rats, only marked bra- 
dycardia occurred in SHR rats. There was no 
significant difference in the tachycardia in- 
duced by isoprenaline in the two rat strains. 
The hypotensive effect of methacholine (S 
and 1 Mg/kg) in SHR rats was almost double 
that in WKY rats. The greater hypotensive 
response of SHR rats to methacholine is sim- 
ilar to the observation that hypertensive hu- 
mans may react to methacholine with a sig- 
nificant fall in blood pressure (IS). In con- 
trast, isoprenaline and nitroprusside caused 
similar decreases in MAP in the two strains 
of rats. It is possible that the exaggerated de- 
pressor response of SHR rats to methacholine 
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TAH£ OL Ehkts OF SoonjM NriBonnjanDC (2 ^8^ iv) ON M^AN ATTEKi^ 

Heatt Rate (bcm/iimi) in Oxoodus SHR and WKY Rats' 


iEimmHt)AND 


MmstDTBlp 


«ne 


Hart 


mc 


SHR 


WKY 


SHR 


WKY 


Bdbre drag 145 ± 5** 
OiusBaAerdrag -53 ± 5 
Diinbanafia|xwe(9ec) 64 ± 6- 


110 ±3 

-42 ±5 
4i±2 


326 ±8 

97±8* 
62 ±4- 


307 ±14 
110 ± 11 
92 ±10 



'V^oaaie 
• /» < ao5 

^ F<om 



SEMfar 
ID WKY 



seven cats per tfiaiii 



may have resuiled firom a lack of reflex sym- 
pathetic stimiilatioo and vagal inhibition and 
not firom any difl er euc e in theactioii of this 
dragon blood vcskIsw 

Our findings with nitropnisside support the 
view that SHR lats have a diminished banv 
leoeplor reflex response to vasodilation. Thus* 
fior an equal drop in mean arterial pressure, 
WKY rats had a greater increase in heart rate 
and blood p r c a am e returned to haei rHne levds 
more quiddy than fior SHR rats. To our 
knowledge, this is one of the few studies on 
baroreceptor reflexes in SHR lats that have 
employed vasodilators. In a recent report (16)l 
prdiypertensive and hypertens i ve Dahl ge- 
netically salt-sensitive rats were shown to have 
an impairrd baroreceptor reflex response to 
vasoconstriction with p he nyf ephrine but not 
to vasodilation with nitro^iyoerin. Taken to- 
iese results indicate that the distur- 
> in baroreceptor reflexes may difier in 
the various animal models of hypertensioiL 

Although baroreceptor reflexes can be abol- 
ished by a combination of nicotinic and mus- 
carinic receptor blockade of ganglionic trans- 
misBon ( 10) or by spinalizatioiL the resulting 
low Mood p r c a am e would make it impossible 
to study quantitativciy the vasodepressor re- 
sponses to isoprenaline or methacholine. 
However, pentobarbital iiicyhfifai has been 
shown to suppress cardiovascular reflexes and 
this was a cco mplish ed without a significant 
d e aea s e in blood p rca am e (11. 18). as was 
also iHustraied in the present study. The in- 
hibitory eflect of pentobarbital on parasym- 
pathetic influmrrs (11) was also seen in the 
ligniftrant tachycardia it induced in WKY 
nos. The suppression of baroreceptor reflex 
activity by pentobarbital was finther dem- 
onstrated in the present study by the findings 



that mcthachoHne fiuled to cause tachycardia 
in anes th etized WKY rats but only a dose- 
rdated bradycardia of similar n^*|*H't?*^f f to 
that seen in SHR rats. Thus, in pentob ar b ita l- 
anesthetized rats, the direct eflects of isopren- 
aline and methacholine predominate. 

Although we did not measure cardiac out- 
put in our rats, it is likely that the efiect of 
ooprenabne on the heart was similar in 9iR 
and WKY rats, as heart rate was incr ea sed by 
the same amount in both strains at each dose 
level following induction of anesthesia. Sim- 
ilarty, methacholine caused the same degree 
of dose-rdated bradycardia in ancjithctizBd 
SHR and WKY rats. This suggests that any 
difierences in the vasodepressor responses of 
SHR and WKY rats to isoprenaline or metha- 
dioline probably do not result firom a differ- 
ential efiect of die drugs on cardiac output 

MetharhoHnr (1 ^S/kg) was able to bring 
the blood p rca am e to the same level (68 mm 
Hg) m SHR and WKY rats in spite of the 
considerable strain diflhe n c e in initial MAP. 
This suggests that SHR rats are more sensitive 
to the direct effects of methacfaoliiie oo blood 
vessels, which, together with some bafoceflex 
sensitivity impairment results in the greater 
overafl vasodepressor r esp on se to this agtot 
In contrast, several doses of isoprcnaiiiie and 
a single dose of nitroprusside £ded to abolish 
the diflferenoe in blood pressure between the 
two strains, thereby demonstrating a differ- 
ential sensitivity of blood vessels of SHR to 
diflferent vasodOator agents. 

Previous studies have shown that vascular 
relaxation mechanisms appear to be impaired 
in SHR rats (8). Vasodilation is believed to 
result from the sequestering of cafchim by mi- 
crosomes via an ATP-dependent ""^^ ^Miniy 
( 19). Recent research siiggnts that this medh 
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inism is deficient in microsomes from blood 
/essels of SHR rats (20). The results from the 
xesent study suggest that stimulation of mus- 
suinic cfadineigic receptors can overcome any 
nitial difference in the contractility of the 
>lood vessels of SHR and WKY rats. This 
eveling action does not appear to be shared 
^y the /3-adrenoceptor agonist, isoprenaline, 
suggesting that /3-adrenoceptor activation and 
ryclic AMP production cannot abolish the in- 
rreased vascular constriction of SHR rats. It 
vould be of interest to determine if metha- 
:holine can normalize the calcium sequester- 
ng activity and calcium mobilizing ability of 
nicrosomes in Mood vessels of SHR rats such 
iiat the initial strain differences in calcium 
movement are minimized. 

Poitioiis of this research were oooducted while M.W. 
was a Visitiiig Scientist and R.M. was a Research Asso- 
aate in the Labontory of Clinical Science, National In- 
state of Mental Heahh. We thank Dr. Iiwin J. Kopin, 
Zhief oftheLabofitory, for his advice, support, and en- 
XNiragement We also thank Mr. Lester Cannon for his 
soelknt care of the animah and Dr. Marc Pfefier for 
rviewing an earlier version of this manuscript 
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syncytial wis fItSV) b the 
fnafOf caosc of serious fcspmioiy diicjfic in 
ftt£mts. An RNA virasy RSV is a 120- to 300- 
nm^diaincfer fxvtide ( 1 ) with s|Aes procrud- 
inf from its envelope, one of irinch is fdt to 
be a fbson profem jttouiiling ior the char- 
acteristic syncytiai cytopothic eftcL Initial at- 
tempts at vaccination using a fionnafin-inac- 
tfvafed RSV vaccine fwere onsuocesrfui with 



vaccine fcopients deveiopmg a 
natorai RSV iOneas than controb {2\ it has 
hecn spf f uiatfd that ^^fym i Mimm iii^M^ yp^^^i 
reactivity to the wild viial infection, peihaps 
caused by formalin denatnration of the fusion 
protein in the vaccine, may have contributed 
to these adverse effects (3). Failure of inacti- 
vated viral vaccines led to the develofmient 
and testing of cold-adapted temperature-sen- 
sitive ftt) mutants of RSV. Using 5-fhiorouri- 
cfine as a mutagen, Gfaarpure produced mul- 
tiple temperature-sensitive fts) mutants of the 
A2 f Austrahan) strain of RSV (4). These ts 
mutants have been wefl characterized with re- 
gard to their growth characteristics and ge- 
netic stability at the permissive (30"') and re- 
strictive (37*^) temperatures, and have been 
categorized into at least seven compUmenta- 
tion groups (A through G) (5-8). To date the 
ts-1 and ts-2 mutants have been evaluated as 
poMiMe vaccine strains (9, 10). 
In order to be an effective vaccine, an at- 
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of ts-K ts-Z and 

It the pciiuisflivt 

to the Long strain 

37*. leap e cti vdy. 



In midilion. those praions 



of im- 



inunopfecipitabon with rabbit hypeiinunune 
scram were compared using rmhoJabefang of 
viral pnneins and anal^isis of polyacrylnmide 
gd efectrophoRsis (PACX)l a i6cbnk|ue we 
have previously utiiizBd to demoostrale Long 
strain viral pnneins (IIX 

Maicriali aad Muhidi Crib ami virus, 
Hep-2 oefl lines were i^amn in Eagle's mini- 
mum essential medi um (MEM) containing 
5% fetal calf serum (PCS). Stock RSV Long 
strain and ts-K ts-2, and ts-7 (an obtauned from 
R. Chanock) were grown at 30"" (except RSV, 
grown at 37^) in He|>-2 cdb to titers of 2-6 
X 10^ placpie^brming units (PFUVmL and 
frozen at —70** until use. 

Amibody to RSV. Antibody U> RSV was 
produced in New Zealand white rabbits by 
injection of purified Long strain virus grown 
in bovine embryonic kidney cells as fxevi- 
ousiy described in detail (11). This antibody 
has no reactivity against He|>-2 oeilsw 

Radiolabeling cfRSV. He|>-2 odls» grown 
in six-weU Costar plates, were infected with 
each strain at the following multiplicities of 
infection (m.o.L): Long strain RSV (m.oi 
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0. 1. Pkoldu of Loat ttnin RSV and the ts mutants grown at the penntssive tcmpeiatuft iM)^V Virus 
poini al 30* for 48 hr, tlm pube libded with (^Jmethiooine. lysed in RIPA bullcr. immunofwv^ 
Med with labbit anti-RSV xia, dectrophoresed on a 12% polyacT>iamide ae^ and fluoroainiphc>d. 
ite applied to the ad wete as follows: HEp-2 oefl lysaie (IV. immunoprecipitale of HEr^2 i2V I iMda 
I RSV lyme (3), immunopredpitale of Long itnin (4), t»-l lysate (5X immunoprecipitale of ts- 1 (6^ 
lyHle (7), inununoprBdpftale of ts-2 (8). ts-7 lysate (9). and immunoprecipitate of t»-7 (lOV 
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FIG. 2. Proteins of Long strain RSV and the ts mutants 
grown at the permissive temperature (30**). as in Fig. I, 
but run on a 10% polyacrylamide gel. Samples applied to 
the gel are ts-1 lysates (1), ts-7 lysates (2), HEp-2 lysates 
(3), and Long strain RSV lysates (4). This gel resolves a 
viral peptide with MW 24,000 daltons. 



only in the Long strain, ts-1, and ts-7; this 
latter polypeptide is best resolved on a 10% 
polyacrylamide gel as shown in Fig. 2. 

Immunoprecipitation of the cell culture ly- 
sates with specific anti-RSV rabbit immune 
serum revealed viral-specific polypeptides of 
MW 67,000, 50,000, 44,000, and 27,000 dal- 
tons for each of the ts mutants and Long strain 
(Fig. 1). 

Identification of viral-specific proteins at the 
restrictive temperature (37^). At the restrictive 
temperature ts-2 was the only temperature- 
sensitive strain which readily labeled with 
[^^S]methionine, demonstrating polypeptides 
of 50,000, 44,000, 33,000, and 27,000 daltons 
(figure not shown). The proteins of ts-1 and 
ts-7 were pooriy discerned at 37°. In an at- 
tempt to radiolabel ts-1 and ts-7 at 37°, shift- 
up experiments were done. In these experi- 
ments the virus was initially incubated at 30° 
for 48 hr. Cultures were then incubated at 37° 
and [^^S]methionine was added at various time 
points after shift-up to 37°. However, even 
after shift-up, only trace amounts of proteins 
of MW 50,000, 44,000, and 27,000 daltons 
could be identified for ts-1 and ts-7 (Fig. 3). 
Long strain and ts-2 proteins, by contrast, were 
well labeled during shift-up experiments dem- 



onstrating polypeptides with MW of 44,000, 
33,000, 27,000 and 24,000 daltons. Addition- 
aUy with both Long strain and ts-2 a protein 
of MW 10,000 daltons was also noted in these 
experiments (Fig. 3). 

Identification of viral glycoproteins at per- 
missive temperature. Previous work had 
shown that Long strain RSV contained two 
virally specified glycopeptides of 50,000- and 
90,(X)0-dalton molecidar weight; however, the 
90,(XX)-dalton polypeptide was labeled only 
with [^H]glucosamine but not with [^^)- 
methionine (11). After [^H]glucosaniine la- 
beling of Long strain RSV, ts-1, ts-2, and ts- 
7 at 30°, a 90,000-dalton polypeptide was seen 
with all strains (Fig. 4). However, at 37° only 
in the Long strain RSV cultures was the 




\ 

LONG 



TS1 



TS2 



TS7 LONG 



Fig. 3. Protein of Long strain and ts mutants after step- 
up to the restrictive temperature (37"). In this experiment 
virus was incubated at 30" for 48 hr, then stepped up to 
37" and pulse labeled after 3 hr at 37". Long stnun (lanes 
1 and 5) and ts2 (lane 3) demonstrate proteins MW 44K. 
33IC 27K, 24IC and lOK. tsl (lane 2) and ts7 (lane 4) 
are poorly labeled. 
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J. 4. [^HJChicosamiiie-labeled protein of Long strain 
and the ts mutants grown at the pennissive tem- 
100(30*). ^^nis was grown at 30** in HEp-2 cells for 
, IteB Ubded with ['Hkhioosaniine, lysed with RIPA 
r, dediopbofesed on a potyacryhunide slab gel and 
j g Hp hed. Samples applied to gel are oeU lysates of 
•2 (IX Loi« strain RSV (2), ts-1 (3), ts-2 (4), and ts- 



OO-dahon glycopeptide seen (figure not 
vn). In addition, at 30'' a SO,000-daiton 
oprotdn was seen in the Long strain RSV 
not with the ts mutants. 
tecnssion. These labeling experiments 
*, carried out with three ts mutants and 
Long strain of RSV. The ts mutants, 
ts-2, and ts-7 have previously been cat- 
ized into complimentation groups A, B, 
C, respectively. Prior to the labeling ex- 
nents i^te complimentation studies were 
ied out to confirm the separate compli- 
itation groups of each ts mutant. In ad- 
m the inability of ts-2 to form syncytia at 
\ 30^ and 37® was documented, 
he labeling studies presented here dem- 
late that at the permissive temperature 
\ the temperature-sensitive mutants and 
g strain produce proteins of similar size 
I the exception of the 24,000-dalton pro- 
for ts-2. However, in the step-up labeling 
Timent this protein was seen for ts-2. The 
ificance of this is not clear. Immunopre- 
tation of these proteins with hyperim- 



mune rabbit sera demonstrated similar pro- 
teins consistently. Using [^H] glucosamine as 
the label, a 90K MW glycoprotein, presum- 
ably a surface viral glycoprotein, was noted 
in all ts mutants and Long strain at the per- 
missive temperature, whereas the SOK MW 
glycoprotein could only be demonstrated for 
Long strain. However, using [^^S]methionine 
as the label, all ts mutants demonstrated a 
SOK MW protein, suggesting that the absence 
of labeling by [^H]glucosamine may have been 
a technical problem related to the relatively 
lighter labeling of ts mutants with [^H]- 
glucosamine, as seen in Fig. 4. 

These data would suggest that at the per- 
missive temperature of 30®, which approxi- 
mates human nasal temperature, these ts mu- 
tants produce analc^ous proteins with similar 
antigenic reactivity as the Long strain of RSV 
as measured by their ability to be immuno- 
precipitated by anti-RSV antibody. This has 
potentially important implications in the use 
of ts mutants as vaccine strains, especially in 
view of the adverse results with the inacti- 
vated RSV vaccine. It has been speculated 
that the more severe natural RSV infection 
seen following vaccination with formalin-in- 
activated virus may have been due to the in- 
activation of the antigenicity of the fusion 
protein by formalin. This could result in the 
failure of vaccines to produce antibodies to 
the fusion protein, and thus alter their im- 
munological interaction with natural viral in- 
fection. This would be most relevant to the 
nonsyncytial forming mutant, ts-2, which 
presumably produces a nonfunctional fusion 
protein. Thus far, it has not been proven which 
of RS viral proteins is the fusion protein. 

In addition these studies give additional 
support to the identifications of the proteins 
of RSV. Labeling with [^^Slmethionine of the 
ts mutants demonstrated proteins of 67,000, 
50,000, 44,000, 33,000, 27,000, 24,000, 
and 10,000 daltons, while labeling with 
[^H]glucosamine demonstrates a glycoprotein 
of 90,000 and 50,000 daltons. 

Recently, Pringle has demonstrated similar 
protein synthesis by these ts mutants; how- 
ever, the immunologic reactivity with anti- 
RSV antibody was not documented by spe- 
cific immunoprecipitation (12). Sevend dif- 
ferences between their studies and ours are 
evident. They did not demonstrate a protein 
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of MW 67,000 dahons; we could only dem- 
onsliate this protein by specific immunopre- 
cipitation, a technique they did not use. In 
addition we did not identify a protein of MW 
200,000. This may be due to the poor resolv- 
ing ability of 10-12% polyacrylamide geb at 
that molecular weight 
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Permeability of Poiyethylene Glycoi in Remnant Small Bowel 

after Massive Intestinal Resection (41547) 
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Medical Service, Audie L. Murphy Veterans Administration Hospital, San Antonio, Texas 78284, 
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Texas 78284. and Clayton Foundation for Research, Houston, Texas 77056 

Abstract. Studies were designed to determine if permeability of adapted (remnant) small bowel 
mucosa to polyethylene glycol (PEG) was altered after miyor intestinal resection. Rats underwent 
50% small bowel resection with preservation of duodenum and terminal ileum. Sham-operated 
animals served as controls. Two and four weeks later we cannulated the portal vein and measured 
mucosal permeability to luminal [^H]PEG and ['^PEG in isotonic Ringer solution in remnant 
proximal or distal in situ closed intestinal loops. A lumen-to-portal blood gradient of at least 
1000/1 persisted throughout the one-hour experimental period in both resected and sham-op- 
erated animals. Thus the adapted remnant intestinal mucosa was highly impermeable to luminal 
radiotracer PEG. In separate experiments 2 and 4 weeks after 70% small bowel resection or sham 
operation, in vivo segments of proximal and distal small intestinal were perfused through the 
lumen for one hour with hypertonic (800 mOsm) mannitol or NaQ solution containing [^H]PEG. 
There was equal and almost total recovery of ['H]PEG at the end of the experimental period 
in resected and control animals. The combined dau of all experiments indicate that radiotracer 
PEG may be confidently used as a luminal water phase marker in transport studies of remnant 
bowel following intestinal resection. 



Since its introduction in 1947 (1) polyeth- 
ylene glycol (PEG), molecular weight 4000, 
has been used in both man and experimental 
animals as a nonabsorbable water phase lu- 
minal volume marker in a wide variety of in 
vivo studies of intestinal transport. It has be- 
come the accepted standard marker though 
chemical methods of assay have remained la- 
borious (2-S). The availability of radiolabeled 
PEG has served to simplify its assay (S) and 
recent work has shown that radiotracer PEG 
without the presence of stable carrier PEG in 
the luminal solution suffices as a water phase 
marker (3, 6). Intestinal resection results in 
both morphologic and functional adaptive 
changes in remnant bowel (7, 8). The rate of 
mucosal cell turnover in remaining intestine 
increases and there may be a consequent 
functional immaturity (9-12). Increased per- 
meability of immature neonatal mucosa to 
macromolecules has been amply documented 
( 1 3, 14). The permeability to PEG of remnant 
mucosa after intestinal resection may be al- 
tered. If so, PEG would be unsuitable for use 
as an indicator for luminal water movement. 



* To whom all correspondence should be addressed. 



Two types of experiments were performed. 
In rats 2 and 4 weeks after major small bowel 
resection mucosal permeability was examined 
by instilling isotonic Ringer solution contain- 
ing either [^H]PEG or [»^C]PEG into ligated 
loops of remnant proximal or distal small 
bowel. Radiotracer concentration of PEG was 
then measured sequentially in portal blood. 
In other experiments total recovery of lu- 
minal [^H]PEG was measured after 1 hr in 
vivo recirculation of hypertonic solution 
through the lumen of segments of remnant 
small intestine. The results show that radio- 
labeled PEG, molecular weight 4000, is a valid 
reference substrate for luminal water move- 
ment in the adapted postresected rat intestine. 

Materials and Methods. Sprague-Dawley- 
derived male albino rats were used in all ex- 
periments. The rats were allowed free access 
to tap water and commercial rat chow (Wayne 
Lab Blox, Allied Mills, LibertyviUe, lU.) and 
were randomly assigned for either small bowel 
resection or sham operation. Food but not 
water was withheld overnight before surgery 
which was carried out under intraperitoneal 
(ip) pentobarbital anesthesia (4 mg/100 g body 
weight). Rats subjected to intestinal resection 
underwent laparotomy and cither 50 or 70% 
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50% RESECTION 



•^ 



I5cm BEYOND 
LIGAMENT OF TREITZ 



20 cm PROXIMAL TO 
ILEOCECAL JUNCTION 



70% RESECTION 



'& 



5cm BEYOND 
LIGAMENT OF TREITZ 



OcmPROXMALTO 
ILEOCECAL JUNCTION 



EXCISED SEGMENT k 



SEGMENTS STUDIED I 



Fig. \. Diagram showing locations of the excised segment in the two types of resected rats and the 
segments studied 2 or 4 weeks later. Rats with 50% small bowel resection were utilized for the closed loop 
experiments and one in situ loop was constructed in each aninud. Rats with 70% small bowel resection 
were used for in vivo luminal perfusion and both proximal and distal segments were studied simultaneously 
in these animals. Sham-operated rats (small bowel transected at mid-small intestine followed by eod-to- 
end reanastomosis) served as controls for each type of resection and similar segments were studied in these 
animals. 



small bowel resection (Fig. 1). Rats from the 
sham-operated group underwent laparotomy 
and mid-small intestinal transection without 
removal of any intestinal tissues. In each in- 
stance continuity of the intestinal lumen was 
reestablished by end-to-end anastomosis. Op- 
erative details have been described (8). Either 
2 or 4 weeks after sui^ery (ranges 13-15 days 
and 26-30 days) animals were anesthetized 
with ip urethane (0.2 g/ 1 (X) g body weight) and 
the following experiments were performed. 

Closed loop experiments. In rats with 50% 
intestinal resection or sham operation the 
portal vein was cannulated as previously de- 
scribed (15). An in situ closed intestinal loop 
about 20 cm long was constructed from either 
proximal or distal small bowel. The proximal 
loop began at the duodenopyloric junction 
and ended 10-12 cm distal to the ligament of 
Treitz (Fig. 1). In these animals the common 
bile duct was also ligated close to its entrance 
into the duodenum. The distal loop utilized 
the terminal 18-20 cm of ileum (Fig. I). These 
loops will be referred to as duodenum and 
ileum. The loops were filled with 3.5 ml iso- 
tonic Ringer solution (16) containing about 
30,000 cpm/0.1 ml tracer [^H]PEG or 
[»^C]PEG (NET-405, Lot 1282-46; NET-473, 
Lot 1291-285, New England Nuclear Corp., 
Boston, Mass.). Just prior to and for five 10- 



min intervals after filling the intestinal loop, 
0.5-ml aliquots of portal vein blood were col- 
lected (IS), allowed to clot, and after centrif- 
ugation the supernatant serum was harvested 
for assay of radioactivity. At the end of each 
experiment the intestinal loop was emptied, 
excised, measured for length, and weighed 
Aliquots, 0. 1 ml of portal vein sera as well as 
luminal solution before and at the end of an 
experiment were measured for ^H or '^ ra- 
dioactivity by standard liquid scintillation 
methodology. A vial containing only scintil- 
lator was used to measure background radia- 
tion with all estimations of portal vein sera 
radioactivity. Background radiation was sub- 
tracted from the measured radioactivity of all 
portal vein serum samples. 

Luminal recirculation. Following anes- 
thesia and laparotomy, the common bile duct 
was ligated in all rats subjected to 70% intes- 
tinal resection (Fig. 1) or sham operation. In- 
flow and outflow cannulas were tied into the 
proximal 10-12 cm and into the distal 10-12 
cm of the small intestine of each animal (Fig. 
1). In vivo luminal perfusion at 2 ml/min was 
then carried out. The method closely followed 
our prior description (8) except that the lu- 
minal perfusate was either hypertonic (800 
mOsm) mannitol or hypertonic (800 mOsm) 
NaCl with approximately 20,000 cpm/ml 
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G (NET-405, Lot 1244-104). The per- 
vas recirculated for 1 hr from duodenal 
al reservoirs each containing 25 ml so- 
At the end of the perfusion period the 
Its were emptied by flushing with air. 
men of each s^ment was then washed 
dug 0.9% saline through it at a rate of 
din. The eflSuents from each s^ment 
DUected separately in three 10-min al- 

Pilot studies showed that the last 10- 
nse contained only minimal radioac- 
Ml fluid volumes were determined by 
ng. Radioactivity was measured by 
nd methodology in 1-ml aliquots of the 
ite before and after luminal perfusion 

1-ml aliquots of the saline rinsing so- 
^ Percentage recovery of radiotracer 
^as calculated as follows: The total ra- 
vity present in the reservoir of each seg- 
it the banning of luminal perfusion 
nl X initial volume) was the denomi- 
)f the fraction; the numerator was the 
idioactivity in the reservoir after 1 hr 
lation (cpm/ml X final volume) plus 
nbined radioactivities for the three sa- 
ishes (cpm/ml X rinse volume), 
experimental data are given as mean 
Statistical evaluation is based on Stu- 
/ test and P values of less than O.OS 
iken to indicate statistically significant 
noes. 

■Its. Closed loop experiments. Table I 
animal and intestinal data for control 



and resected rats 2 and 4 weeks after entry 
into the study. Twice as many animals were 
utilized in the 4 weeks group because we stud- 
ied intestinal loops filled with Ringer solution 
and [>^]PEG as well as loops filled with 
Ringer solution and [^H]PEG. Mean body 
weights of each group of animals at entry into 
the study were identical. Two or four weeks 
after surgery mean body weights of the re- 
sected animals were numerically less than 
controls but the difierences were not signifi- 
cant. Lengths of the loops filled with Ringer 
solution containing tracer PEG also did not 
differ. However, the weights of intestine, nor- 
malized for length, were significantly in- 
creased in both duodenum and ileum of re- 
sected rats at both study times. Table II shows 
concentrations of tracer PEG in the luminal 
solution both prior to instillation into the loops 
and at the conclusion of experiments 1 hr 
later. In duodenum, luminal tracer PEG con- 
centrations increased significantly during all 
experiments, the increase in resected animals 
being significantly more than in the sham- 
operated control groups. In ileum the increase 
in concentration of luminal tracer PEG oc- 
curred only in resected animals. The data sug- 
gest that significant absorption of water (and 
presumably electrolyte) occurred in the duo- 
denum of all animals and that there were 
adaptive changes of water absorption in both 
duodenum and ileum after resection. Al- 
though methodologies differed, the data are 



TABLE I. Intestinal Loops: Control and Resected Rats 



2 Weeks' 



4 Weeks- 



Sham 



Resected 



Sham 



Resected 



aght(8)' 



iloops 



i(th(cm) 

t weight (mg/cmf 



i(th(cm) 

t weight (mg/cmf 



162 ±3 (12) 
231 ±7(12) 



19.9 ± 1.0(6) 
72.6 ± 5.0 (6) 

20.4 ± 1.6 (6) 
68.1 ±2.0(6) 



172 ± 6 (12) 
226 ± 7 (12) 



21.4 ±3.1 (6) 
98.9 ± 10' (6) 

18.2 ±0.5 (6) 
104.2 ±4.9^(6) 



168 ± 3 (24) 
285 ± 5 (24) 



19.1 ±0.5(12) 
73.9 ±2.5 (12) 

19.8 ±0.4 (12) 
68.3 ±3.0 (12) 



169 ± 3 (24) 
278 ± 5 (24) 



18.8 ±0.5 (12) 
100.6 ±2.6' (12) 

19.0 ±0.5 (12) 
101.5 ±2.1'(12) 



nab were studied 2 or 4 weeks after 50% small bowel resection or sham operation; values are mean ± SE; 

i in parentheses are the number of rats. 

ing weights immediately prior to induction of anesthesia. 

thickness intestinal tissue. 

ificantly different {P < 0.05) from corresponding dau of sham-operated animals. 
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TABLE m. In Vivo Luminal Perfusions with 800 mOsm Mannttol 





2 Weeks- 


4 Weeks' 




Sham 


Resected 


Sham 


Resected 


Body weight (g)^ 










Initial 


156 ±4 


157 ±4 


161 ±6 


163 ±5 


Final 


241 ±9 


226 ±8 


312 ± 10 


294 ±12 


Intestinal segments 










Duodenum 










Mucosa, wet weight (mg/cm) 


29.7 ± 2.0 


37.7 ± 2.7' 


28.7 ± 2.1 


39.9 ± 2.0^ 


Water, secretion (ml/cm in 1 hrf 


0.150 ±0.025 


0.114 ±0.022 


0.142 ±0.030 


0.118 ±0.014 


[^PEG. % recovery 


96.1 ± 1.8 


98.4 ± 1.7 


98.8 ± 1.1 


100.4 ± 1.1 


Ileum 










Mucosa, wet weight (mg/cm) 


27.3 ± 3.6 


41.1 ±3.1' 


26.4 ± 1.8 


44.7 ± 4.7' 


Water, secretion (ml/cm in 1 hr) 


0.058 ± 0.014 


0.094 ± 0.017' 


0.066 ± 0.012 


0.101 ±0.014' 


[^H]PEG. % recovery 


99.9 ± 1.0 


98.5 ± 1.3 


98.0 ± 1.2 


98.3 ± 0.7 



* Animals were studied 2 or 4 weeks after 70% small bowel resection or sham operation; values are mean ± SE of 
10 observations. 
^ Fasdng weights immediately prior to induction of anesthesia. 
' Determined from initial and final weights of perfusate reservoirs. 
' Significantly difierent {P < 0.05) finom corresponding data of sham-operated animals. 



consistent with adaptations of transport ac- 
tivities in the postresected remnant small in- 
testine demonstrated for several luminal sub- 
strates (7, 8, 12). Table II also shows radioac- 
tivities of portal vein sera obtained before 
instilling Ringer solution with tracer PEG into 
the intestinal loop (0 min and at 10-min in- 
tervals thereafter). In aU sham and resected 
animals the radioactivity of portal vein blood 
remained very low for the whole hour com- 
pared to radioactivity in the intestinal lumen. 
A lumen-to-portal blood gradient of at least 
1000/1 was maintained throughout this pe- 
riod. There were no further sequential in- 
creases of portal blood radioactivities between 
10 and 60 min after the initial slight increase 
in the first 10 min. The data clearly indicate 
a very high degree of mucosal impermeability 
to both [^H]PEG and ['^C]PEG. 

Luminal recirculations. Table III shows data 
from experiments where 800 mOsm mannitol 
solution containing [^H]PEG was recirculated 
for 1 hr. Body weights, both initial and final, 
follow the same trends as in the prior exper- 
iments. Similarly the weight of intestinal mu- 
cosa, normalized for segment lengths, also in- 
creased significantly in duodenum and ileum 
of resected rats at the two study times. 

In the sham-operated animals at both study 
times net water secretion into the luminal seg- 
ments was significantly greater in duodenum 



than ileum. In ileum after resection theincrease 
in water secretion approximated mucosal 
growth. However, in duodenum where mu- 
cosal mass also increased, net water secretion 
did not differ from the sham-operated groups. 
The postresected duodenal mucosa thus ex- 
hibits a protective capacity against hyperos- 
molar luminal challenge not shown by rem- 
nant ileum. In spite of these different respon- 
ses the mean recovery of [^H]PEG at the end 
of the experimental period was greater than 
96% in all groups of animals. Similar exper- 
iments with luminal perfusate containing 800 
mOsm NaQ with [^H]PEG yielded almost 
identical [^H]PEG recoveries (data not shown). 
These data indicate that in the postresected 
remnant intestine loss of luminal [^H]PEG 
either by transport through the mucosa or 
adsorption onto mucosa and tubing was 
minimal. 

Discussion. The basic assumption under- 
lying the use of water phase luminal volume 
markers in studies of intestinal transport is 
that concentration changes of the marker ac- 
curately reflect luminal water movement. Ide- 
aUy this requires total mucosal impermeabil- 
ity with complete recovery of the marker from 
the luminal solution at the end of the exper- 
imental period. In normal intestine Carbowax 
4000 or polyethylene glycol, molecular weight 
4000, closely approaches this ideal (1-6). 
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Intestinal resection results in consideiable 
hypeiplasia of intestinal tissues. Mucosal hy- 
perplasia occurs rapidly after enterectomy (9). 
It has usually been considered to have reached 
its maximum extent by 4 weeks after resection 
(10) and to persist for several months at least 
(17). In this study, maximum morphologic 
adaptation occurred 2 weeks after resection 
(Tables II and III), in close agreement with a 
prior report of maximum changes 12 days af- 
ter enterectomy (11). The mucosa may ex- 
hibit a functional immaturity (9-12). The 
permeability of this mucosa to PEG has not 
been systematically examined. 

Experiments with in situ intestinal loops 
dearly demonstrate that only very minimal 
increases in radioactivity occurred in portal 
Mood following luminal instillation of Ringer 
solution containing tracer PEG (Table II). The 
differences between resected rats and sham- 
operated controls were inconsequential. The 
small increase in portal blood radioactivity 
seen in the first 10 min after instillation of 
substrate into the lumen was most likely the 
consequence of minor mucosal damage at the 
time of manipulation of the loops during in- 
stillations of luminal solution and tying of the 
final ligature. Over the next SO min there were 
no further increases in portal blood radioac- 
tivities and a lumen-to-portal vein blood gra- 
dient of at least 1(XX)/1 persisted. We delib- 
erately used a luminal radioactivity concen- 
tration that was 1 S times laiger than necessary 
for transport studies (such as those utilized in 
subsequent luminal perfusions with hyper- 
tonic solutions). 

Because of the very minimal mucosal per- 
meability to both pH]PEG and [»^PEG in 
the closed loop experiments we decided to 
study radiotracer PEG recoveries after in vivo 
intestinal perfusions in animals subjected to 
a more extensive (70%) intestinal resection. 
We only examined [^H]PEG recovery be- 
cause there was no difference in mucosal per- 
meability to either of the tracers (Table II). 
Additional stress was placed upon mucosal 
int^ty by using strongly hypertonic luminal 
solutions instead of isotonic solutions. Sig- 
nificant increases in smaU intestinal mucosal 
permeability have been demonstrated for 
metabolically inert oligosaccharides during 
hyperosmolar luminal stimuU (18). The tech- 
nique of luminal perfusion has been well es- 



tablished for studies of lit vivo intestinal trans- 
port (3, 8). FoUowing 1 hr luminal recircu- 
lation more than 96% pHlPEG was recovered 
from duodenum and ileum of both resected 
and sham-operated rats (Table III). Nfiller and 
Schedl (3) have previously reported at least 
96% recovery of ['^PEG from the intestine 
of normal rats after 1 hr luminal perfusion 
with an isotonic solution. 

In conclusion, the data clearly show that 
following enterectomy the adapted mucosa of 
remnant smaU bowel presents a formidable 
barrier to the absorption of radiolabeled lu- 
minal PEG and there is almost total recovery 
of tracer PEG after in vivo luminal perfusion. 
Therefore the material may be confidently 
used as a water phase marker for estimating 
luminal water movement in the postresected 
rat intestine. 

This study was part ofa joint research program between 
the Clayton Foundation for Research, Houston, Texas, 
and The University of Texas Health Science Center, San 
Antonio. The Research Service of the Audie L. Murphy 
Veterans Administration Hospital also made valuable 
contributions. The authors thank Dr. Elliot Weser and 
Dr. Daniel Ziegler for their suggestions. The secretarial 
skills of Nancy Ellison were much appreciated. 
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Abstract. The angiogenic capability of PGE2 was tested by implanting pellets of an ethylene 
vinyl acetate slow release polymer containing PGE2 on the chnrioallantnir membnme of 8- 
day-dd chicken embryos. Dvax pellets releasing approximately 02. 2.0, or 20 ng/day PGE2 
were found to induce neovascular responses. In contrast, pellets releasing 2.0 or 20 i^day of 
either PGA2, PGF2, or TXB2 did not appear to be angiogenic when compared with PGE2. These 
release rates of PGE2 are similar to those reported for a variety of tumors, activated macrophages, 
inflammatory exudates, and rheumatoid synovia, suggesting that PGE2 may be a key &ctor in 
various neovascular reactions. 



New blood vessel formation, angiogenesis, 
is essential for the successful growth of solid 
tumors (1, 2). Angiogenesis can be induced 
not only by tumor cells, but also by allogeneic 
lymphocytes (3, 4) and by activated macro- 
phages (S). In fact, angiogenesis-inducing fac- 
tors have been obtained from a large number 
of tissue sources (6), suggesting that the in- 
duction of blood vessels may be critical for a 
number of biological processes ranging from 
wound healing to cancer growth, and includ- 
ing vascular reactions associated with inflam- 
mation and autoimmune pathology. 

The idea that prostaglandins of the E series 
might play a significant role in many of the 
angiogenesis-inducing systems has been pro- 
posed (6, 7), although experimental data in 
support of the concept have been quite lim- 
ited (8). Reports of the association of PGE2 
with tumors ( 10), activated macrophages (11- 
1 3), and inflammatory exudates (14) lend cre- 
dence to this idea and have prompted us to 
carry out experiments to examine whether 
prostaglandin E2 can induce angiogenesis. 

Materials and Methods. The assay system 
we have employed is the assessment of vas- 
cular response on the chlorioallantoic mem- 
brane (CAM) of chicken embryos grown in 
petri dish embryo culture (15). In brief, em- 
bryos were explanted from 3-day eggs into 

' This research supported by NIH Grants EY-3243, AI- 
14607. and CA-28626. 

^ David M. Form is a postdoctoral trainee supported 
by National Cancer Institute Training Grant CA-09106. 

^ To whom all correspondence should be addressed. 



100 X 20-mm plastic tissue culture dishes 
(Falcon). To provide adequate humidity, each 
dish was placed in a laiiger (ISO X 2S-mm) 
plastic dish (Falcon) and incubated at Zl"". On 
Day 8, implantation was performed by mak- 
ing an incision in the CAM with a 23-gauge 
needle and placing the implant over the hole. 
With sufficient care, bleeding was minimal. 
This method has the advantage of permitting 
the monitoring of the neovascular reactions 
including sequential photography and mea- 
surement of the blood vessels surrounding the 
angic^nesis-stimulating implant 

We used Elvax-40 (ethylene vinyl acetate 
copolymer, OuPont Chemical Co.) as a slow- 
release compound into which test samples of 
prostaglandin (Sigma Chemical Co.) could be 
introduced ( 1 6). The method used was a mod- 
ification of that used by Rhine et al, (16). 
Elvax was washed at least SO times in 2.S% 
ethanol at 37^ (at least 3 hr per wash) before 
use. Washed Elvax was dissolved in methy- 
lene chloride (10% w/v) at 37** in siliconized 
glass tubes. The appropriate prostaglandin, in 
an ethanol carrier, was added and the mixture 
was vortexed and poured into glass molds on 
dry ice. The solidified mixture was dried at 
-20° for 2 days, and for a further 2 days 
under mild vacuum at room temperature. The 
technique resulted in Elvax slabs of consistent 
dimensions which could be cut into uniform 
implants. 

Disc-shaped pellets, 2 mm diameter, each 
containing approximately 1 mg of poly- 
mer were used as implants on the CAM of 
8-day-old chicken embryos. Controls for uni- 
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CONTROL 

CONC. P6E2 (mg/mg ELVAX) 

Fig. 2. Coefficient of angiogenesis (CX>A) calculated for 
Elvax pellets containing 10"*. lO"'. or lO"* PGEj. CX>A 
calculated 3, 4, and S days after implantation of the pellets 
on the CAM of 8-day-old chicken embryos. Values shown 
were obtained from the median of four experiments (2 1 ). 



saline for 24 hr before being placed on the 
CAM for assessment of angiogenesis-inducing 
activity. The release rates of PGE2 into 
the CAM during a S-day period is shown in 
Fig. IB. 

The response of the CAM vasculature to 
the presence of PGE2-containing pellets in- 
volved two distinct phenomena: (1) the for- 
mation of a network of dilated capillaries oc- 
curred within 48 hr and declined after 96 hr, 
and (2) the appearance of bending, looping, 
and sprouting of blood vessels, with a clear 
orientation toward the implanted pellet. This 
reaction was seen beginning on the third day 
and became increasingly mailced over the next 
several days. 

Pellets containing 10"^, 10"^ or 10"^ mg 
PGE2 releasing approximately 0.2, 2.0, or 20 
ng/day into the CAM, were tested for their 
angiogenesis-inducing capacity. The median 
values of four experiments are shown in Fig 
2. By Day 5, the COA values for all three 
concentrations of PGE2 were significantly 
higher (P < 0.025) than controls. PGE, gave 
results similar to those seen with PGE2 (data 
not shown). 



ELVAX (control) 
P6E2 (lOng) 
P6A2 (tOng) 
P6F2«(10ng) 
TxB2 (tOng) 
P6A2 (lOOng) 
P6F2.(I00ng) 
TxB2 (lOOng) 



DAY 4 



DAY 5 



0.5 t.O 0.5 

COEFFICIENT OF ANGIOGENESIS 



1.0 



ELVAX (control) 
PGE2 (tOng) 
P6A2 (tOng) 
P6F2a (lOng) 
TxB2 (lOng) 

PGA2 (100 ng) 
PGF2a (100 ng) 
1x82 (lOOng) 



0.5 10 

MEAN COEFFICIENT OF ANGIOGENESIS 

Fig. 3. Comparison of the angiogenesis capacity of PGE2 with that of other prostaglandins. (A) Coefficient 
of angiogenesis (COA) calculated for Elvax pellets containing 10~^ mg PGE2 compared to pellets containing 
10~' or 10~^ mg PGA2, PGF2, or TXB2. COA calculated 4 and 5 days after implanution of the pellets on 
the CAM of 8-day-old chicken embryos. (B) Mean COA per egg on Day 5 ± one pooled standard deviation 
(95% confidence interval). 
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TUMOR IWDUCED AII6l06ENgSIS 



OTHER FACTORS. «a: 
PI««mino9«n 0€tiv«tor 
6r«vtk f«ctort 



orin. ttc. 

Fig. 4. Pdssible poiiits of PGE involveiiient in angiogeiiesis (see text for discussioo). 



As a further control for specificity, the an- 
giogenic capability of pellets containing 10~^ 
or 10"^ mg PGA2 (the oxidation product of 
PGE2), PGF2a, or TxB2 were compared with 
pellets containing 10"^ mg PGE2. The results 
of a typical experiment are shown in Fig. 3. 
Only PGE2 is clearly angiogenic. 

Discussion. The fact that PGE2 can be an- 
giogenic in our test system at release rates of 
as little as 0.2 ng/day induced us to reexamine 
data on neovascularization induced in a va- 
riety of other experimental or clinical situa- 
tions to determine if the levels of PGE2 are 
consistent with its being involved in angic^e- 
nesis. Indeed, levels of PGE2 at or above those 
used by us have been reported for a variety 
of tumors ( 1 0), for activated macrophages (11- 
13), and for inflammatory exudates (14), all 
of which have been associated with angic^e- 
nesis. Neovascularization is also found asso- 
ciated with a proliferating vasculature in the 
synovium, and it is of interest not only that 
both cultured rheumatoid synovial fragments 
and adherent cells derived from such frag- 
ments produce PGE2 at high rates (17), but 
that PGE2 production can be further en- 
hanced by supematants from activated mac- 
rophages (18). 

A major group of neo vascular reactions ap- 
pears to be initiated by antigen-stimulated 
lymphocytes (lymphocyte-induced angiogen- 



esis, LIA) (6), and is seen in graft-versus-host 
reactions, autoimmune reactions, and de- 
layed hypersensitivity. Although lymphocytes 
themselves produce little or no PGE, it may 
be significant that LIA almost definitely in- 
volves release of soluble factors (lympho- 
kines) (3, 4, 19, 20) and there is ample evi- 
dence that macrophages activated by lym- 
phokines produce high levels of PGE2 
(11-13). 

Biochemical studies of angic^enesis-induc- 
ing factors have pointed to two classes of fac- 
tors: low-molecular-weight ones (200-4S0 
daltons), and laiger, nondialyzable ones, some 
of which may actually involve a small active 
component attached to a laiger carrier mol- 
ecule (6). Whether the active molecule asso- 
ciated with these factors will prove to be PGE2 
is not clear, but there is a strong possibility 
that molecules of the prostaglandin-leuko- 
triene family may be involved. Figure 4 sum- 
marizes some of the hypothetical points at 
which PGE2 could play a role in angiogenesis, 
and its relationship to other factors. 

There is no reason to expect that these small 
molecules should be the only mediators of 
neovascularization, for angiogenesis is a com- 
plex biological process, which can be con- 
trolled at many points. Dissolution of vas- 
cular continuity, induction of cell migration, 
triggering of endothelial cell mitosis, indue- 
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tion of capillary sprouts, extension of vascular 
continuity, and reestablishment of blood flow 
must all occur in an orderly fashion. On the 
other hand, the fact that PGE2 in amounts 
equivalent to those seen in inflammation, in 
synovial fluid, in leukocytic infiltrates, and in 
tumor nodules can by itself elicit angiogenesis 
suggests that the array of factors capable of 
inducing neovascularization may become re- 
duced to a few key substances. 

We wish to thank David Rhude for his expertise and 
assistance during the formative stages of this work, and 
Dr. Youfum Sidky for helpful discussions and suggestions. 
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Abstract. Prolactin dissociates more readily from rat liver than from rabbit mammary prolactin 
receptors. The rate of dissociation is dependent in the time of association. In rat liver, prolactin 
dissociates from receptors at the cell periphery (plasma membrane, PM) more rapidly than those 
of microsomes, a major component of which is the intracellular Golgi membranes. The disso- 
ciation curves following 1 hr of association can be resolved into a fast and slow component by 
logarithmic transformation, with a greater than twofold increase in the fast componment of the 
dissociation rate constant (ki) in PM compared to microsomal membranes. With longer asso- 
ciation times (10 hr), plasma membranes develop a more slowly dissociable component, with 
dissociation characteristics (rate constants) similar to those observed in microsomes following 1 
hr of association. Another means of visualizing this difference is by a Scatchard plot of prolactin 
binding to PM, microsomal, and Golgi membnmes. The affinity constants in the microsomal 
and Golgi fractions are identical whereas that for the PM fractions more than twofold lower. 
The decreased affinity in the PM would allow prolactin to more readily dissociate from its receptor 
than from receptors with higher affinity. Although the differences between PM and Golgi receptors 
observed are small, they are confirmed by direct measurements of affinity constants and dis- 
sociation rate constants. Therefore, it appears that receptors with lower affinity at the cell pe- 
riphery are those involved in the initial mechanism of action of prolactin. 



The interaction of a hormone with its re- 
ceptors is the initial event leading to the for- 
mation of a hormone receptor complex. Un- 
der equilibrium conditions, this reaction has 
been considered to be freely reversible (1,2). 
However, for an increasing list of hormones, 
including PRL, hGH, TSH, insulin, LH, and 
/3-adrenergic (3-10), it appears that dissocia- 
tion of the hormone receptor complex is dif- 
ficult and that a slowly reversible complex is 
established with an increase in the time of 
association of the hormone with its receptor. 

The present studies were undertaken to ex- 
amine differences in prolactin receptor dis- 
sociation between two target tissues, rat liver 
and rabbit mammary gland, and to compare 
the rate of dissociation between various sub- 
cellular binding components. 

Materials and Methods. Animals. Mam- 
mary glands of 6-day lactating rabbits and liv- 
ers from ovariectomized female Sprague- 
Dawley rats weighing 2(X) g, treated for 7 days 
with 5 /ig estradiol- 17i8, were removed. CB- 
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154 (Sandoz, Basel) was injected just prior to 
sacrifice in both rabbits and rats to increase 
receptor content (11). 

Membrane preparation. Crude microsomes 
were prepared from rabbit mammary glands 
and rat liver by differential centrifugation (10, 
12). Purified plasma membranes (PM) were 
prepared by the method of Ray ( 1 3) and Golgi 
membranes by the method of Bergeron et ai, 
(14). The purity of the subcellular fractions 
was assessed by determining 5 -nucleotidase 
(15) and galactosyl transferase (16) activities, 
marker enzymes for plasmalemna and Golgi 
membranes, respectively. Protein was mea- 
sured by the Lowry method ( 1 7) using bovine 
serum albumin (BSA) as a standard. 

Hormones. Ovine prolactin (oPRL, NIH- 
P-S13, 35 U/mg) was kindly provided by the 
Hormone Distribution Program of the 
NIAMDD, NIH. 

lodination of oPRL. *^^l-oPRL was pre- 
pared utilizing low concentrations of chlora- 
mine-T (5(X) ng) and 5 /ig of oPRL and pu- 
rified on a column of Sephadex G-75 (18). 
The specific activity ranged from 40 to 60 
fiCi/fig. The integrity of the labeled hormone 
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TIME (HOURS) 

FtG. 1. Dissociation of '^'!-oPRL from microsomal membianes of rat liver Qeft panel) and rabbit mam- 
mary gland (right panel) at 23"" following either 1 or 10 hr of association of the labeled hormone with the 
receptor. Specific binding at time for rat liver is 7520, and 18,970 cpm for 1 and 10 hr association, 
respectively; and for rabbit mammary microsomes, specific binding is, respectively, 17,300 and 38,500 cpm 
for 1 and 10 hr of association. 



at the outset of the studies was verified with 
a laboratory control receptor preparation of 
rabbit mammary gland. Labeled prolactin 
bound >2S% of the added hormone with 200 
/ig of membrane protein and >75% in the 
presence of excess membranes. lodinated hor- 
mone dissociated from membrane fractions 
retained its capacity to bind to control recep- 
tor preparations. 

Assay and dissociation procedures. *^^I- 
oPRL (approximately 100,000 cpm) was in- 
cubated with rabbit mammary gland or rat 
liver membranes (200 /ig) for either 14 or 16 
hr at 23^, which is the time required for max- 
imal binding to be obtained or for the times 
indicated in the figures and tables. The final 
volume was 0.5 ml in an assay bufier of 25 
mAfTris, containing lOmAf MgCl2)2uid0.1% 
BSA. Duplicate tubes, two in the absence and 
two in the presence of excess ( 1 /ig) oPRL, 
were used. Bound and fi:ee hormones were 
separated by centrifugation at 2300^ for 15 
min following the addition of 3 ml assay bufier 
to each tube. Specific binding was the difier- 
ence between the total counts per minute 
(cpm) and nonspecific cpm and expressed as 
cpm or a percentage of the total radioactivity 
added. 

Dissociation (at 23®) of prolactin firom its 
receptor was initiated in tubes in which the 



labeled prolactin had been allowed to asso- 
ciate with the receptor for 1 or 10 hr by the 
addition of 3 ml assay buffer containing 10 
fig/ml oPRL. The dissociation reaction was 
stopped by placing the tubes in ice water and 
immediately centrifuging them at 2300g for 
15 min at 4"*. 

Tubes were counted in a LKB gamma spec- 
trometer with a counting efficiency of 65%. 
For dissociation experiments, results are ex- 
pressed as a percentage of the radioactivity 
bound at time (% of control). Affinity con- 
stants and binding capacities (N) were cal- 
culated by Scatchard analysis ( 1 9) under equi- 
librium conditions. 

Results. The difference in the dissociability 
of prolactin firom rat liver and rabbit mam- 
mary gland prolactin receptors is shown in 
Fig. 1. It can be seen that *"l-oPRL disso- 
ciates more readily firom rat liver (left panel) 
than firom rabbit mammary prolactin recep- 
tors as has been previously reported (3, 4, 20). 
In addition, the longer that a labeled hormone 
is allowed to associate with its receptor, the 
more tightly it appears to be bound resulting 
in the decreased ability to dissociate. This re- 
lationship has been established for a number 
of hormone-receptor systems (3-10). 

In rat liver, where dissociability can be more 
readily measured, there is a marked difference 
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24 

TIME (HOURS) 

Fig. 2. Dissociation of *^'I-oPRL from rat liver microsomes and purified plasma membranes (PM) at 
23*^ following 1 hr of association. The left panel shows the dissociation as a percentage of specific binding 
at time (after 1 hr of association) which is 1 1,180 and 8980 cpm for microsomes and PM, respectively. 
The right panel shows the data transformed to linearize the curve. The slope of these curves is used to 
calculate the dissociation rate constant (k^. 



1 the ability of prolactin to dissociate from 
eceptors normally found at the cell periphery 
[dasma membrane) than from microsomes, 
f which a major component in rat liver prep- 
rations is the intracellular Golgi membranes 
14, 16). Figure 2 shows that *"l-oPRL dis- 
odates frx>m plasma membrane receptors 
luch more readily than from microsomes 
3llowing 1 hr of association. 

The dissociation curves, which can be re- 
olved into fast and slow components based 
•n logarithmic transformation (21), reveal a 
reater than twofold increase in the faster 
omponent of the dissociation rate constant 
fci) in plasma membranes compared to mi- 
rosomes with no change in the slow com- 
onent (Table I). 



However, with increased association times, 
plasma membranes preferentially develop a 
slowly dissociating component Figure 3 shows 
a similar dissociation study carried out with 
membranes which have been allowed to as- 
sociate with labeled prolactin for 10 hr. The 
difference between plasma membranes and 
microsome component is less apparent. It ap- 
pears that with longer periods of association 
(10 hr), prolactin receptors in plasma mem- 
branes develop dissociation characteristics 
similar to those observed in microsomes fol- 
lowing just 1 hr of association. This shift is 
confirmed in Table I. 

The differerences in dissociation rate con- 
stants can be seen by other means. Figure 4 
shows a Scatchard plot of PRL binding in 



TABLE I. Dissociation Rate Constants {k^ of '^I-oPRL from Rat Uver Microsomes and Purified 

Plasma Membranes as a function of Time the Labeled Ligand Was Allowed 

to Associate wmi the Binding Sites 





Rate constant, k2 (hr~') 




1-hr association 10-hr association 


CeUfinaction 


Fast component Slow component Fast component Slow component 


4icro0Ofnes 


0.44 0.03 0.34 0.02 
0.91 0.02 0.38 0.03 



Note. Rate constants were calculated from the dissociation data shown in Figs. 2 and 3 (21). These data are the 
aean of two separate dissociation experiments. 



222 



PRL-RECEPTOR DISSOCIATION 



o-o MICROSOMES 
•-•P.M. 




ho 




24 

TIME (HOURS) 

FtG. 3. Dissociation of *^'!-oPRL from rat liver microsomes and purified plasma membranes (PM) at 
23° following 10 hr of association. Conditions are as described in legend to Fig. 2. Specific binding at time 
(after 10 hr of association) is 25,800 and 18,380 cpm for microsomes and PM, respectively. 



microsome, plasma, and Golgi membranes. 
As can be seen in Table II, the plasma mem- 
brane fraction contains the greatest concen- 
tration of 5 -nucleotidase activity and the Golgi 
intermediate is by far the richest in galactosyl 
transferase, the affinity constants in micro- 
somes and Golgi fractions are identical, 
whereas the affinity constant for plasma 
membranes is slightly more than twofold 
lower. The decreased affinity in PM would 
allow prolactin to more readily dissociate from 



0.12 n 



o-o MICROSOME (200^9) 
•-•PM (100^9) 
D-a GOLGI (25 //g) 




2 4 6 8 

BOUND (fmol/TUBE) 

Fig. 4. Scatchard plots of prolactin binding to micro- 
some, plasma membrane (PM), and Golgi membrane 
fractions. 



its receptor than from receptors with higher 
affinities. 

Discussion. Prolactin more readily disso- 
ciates from receptors in rat liver than fix>m 
receptors in rabbit mammary gland (Fig. 1) 
as we and others have previously observed (3, 
4, 1 1, 12, 20). As well, there appears to be an 
increase in affinity with longer association 
times for mammary receptors as occurs for 
rat liver receptors. However, since lactating 
mammary gland preparations are greatly en- 
riched in Golgi membranes (22) and it is dif- 
ficult to obtain purified plasma membrane 
fractions from the mammary gland, further 
comparisons regarding differences between rat 
liver and rabbit mammary gland have not been 
made. 

These studies could have important impli- 
cations in terms of cellular function. A very 
large percentage of prolactin receptors in rat 
liver is located within the cell (23). The pres- 
ent results confirm the differential subcellular 
localization of PRL receptors and suggest that 
receptors in the PM and Golgi are in different 
forms, with the affinity of the receptor being 
dependent on the subcellular localization. 

Prolactin receptors are down-regulated both 
in vivo and in vitro (24, 25) with a passage of 
the hormone-receptor complex inside the cell 
(23). The present data suggest that internal- 
ization of the hormone-receptor complex is 
preceded by a tightening of the linkage be- 
tween the hormone and its receptor, as has 
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Putam and his oo-wcxlDcrs have 
zod these events in fiUuhiasis (27) and 
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f the honnone-mxptor complexes are 
ded in the lyosomes. Recently, MarshaD 
(28) have icported evidence snggrshng 
Following binding of insulin to adipo- 
there is a degradation in lysosomes, pri- 
y of the ligand, whereas receptors are 
ty recycled hack to the cdl sui&ce. It is 
sting to speculate that for prolactin le- 
iSy differences in afl&nity between recep- 
It the cdl periphery and within the cdl 
t be a reflection of the cellular ability to 
ite dther or both the number of lecep- 
»r the degradation of prolactin, 
hough the difference in affinity between 
ind Ciolgi receptors is small, it is con- 
d by differences in the rate of dissoda- 
if labeled hormone from the receptor. It 
sible that if a change of affinity occurs 
zing the binding of prolactin to its PM 
tors, that it could be related to the pro- 
3n of an intracellular message reponsible 
e action of prolactin. (29, 30). It appears 
t is the receptors with the lower affinity 
I at the periphery of the cell that are most 
rtant in the initial mechanism of action 
>lactin. 
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Neuroendocrine Evidence That Tetrabenazine Is a Dopamine Antagonist (41550) 
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Abstract. Tetrabenazine is considered to be a reserpine-like drug because of its ability to block 
dopamine storage in presynaptic vesicles. We used two methods to determine that tetrabenazine 
is also a dopamine antagonist. Tetrabenazine displaced the specific ['H]spiperone binding to the 
dopamine receptors of the anterior pituitary, the corpus striatum, and a transplantable rat pi- 
tuitary tumor with values for 50% displacement (ICjo) of about 1 5 t^M, Under in vitro conditions, 
0.5 to 10 iiM tetrabenazine blocked dopaminergic inhibition of prolactin secretion from rat 
anterior pituitary glands. One, four, and twenty-four hours after a single tetrabenazine injection 
(30 mg/kg, ip), the serum prolactin changed from 22 ± 9 ng/ml initially, to 450 ± 52, 254.7 
± 10.4, and 9.3 ± 1.1 ng/ml, respectively. Pituitary glands of the treated rats incubated in vitro 
were refractory to dopaminergic inhibition of prolactin release to an extent that was maximal 
at one hour but inapparent by 24 hours after injection. In vivo and in vitro^ tetrabenazine induces 
biological responses characteristic of a dopamine antagonist. These actions are independent of 
the reserpine-like properties of tetrabenazine. The unusual ability of tetrabenazine both to an- 
tagonize dopamine and to block presynaptic dopamine storage may provide a new tool for 
understanding the physiology of dopaminergic systems. 



Tetrabenazine depletes biogenic amines (1- 
to produce an animal model of depression 
dm which antidepressant drug activity can 
evaluated (4, 5). Tetrabenazine is also clin- 
Uy important in the treatment of invol- 
tary movement disorders (6, 7). Because 
rabenazine blocks vesicular amine storage 
, competitively binds to reserpine receptors 

10), and induces reserpine-like behavioral 
xts (1), tetrabenazine has been thought to 

in a manner similar to reserpine (1, 11). 
lirect evidence suggests that tetrabenazine 
ly also have properties typical of a dopa- 
ne antagonist (2, 12-14). Little attention, 
ivever, has been given to the possibility that 
pamine antagonism could contribute to the 
served effects of the drug. 
^e found that tetrabenazine was capable 
displacing specific [^H]spiperone binding 
dopamine receptors in the porcine anterior 
uitary ( 1 5- 1 8), rat corpus striatum ( 1 5), and 
at transplantable pituitary tumor (19). In 
lition, the ability of tetrabenazine to block 
paminergic inhibition of prolactin secre- 
n from rat anterior pituitary glands incu- 
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bated under in vitro conditions (20) was dem- 
onstrated. 

Materials and Methods. A, Radioligand 
dopamine receptor binding. Membranes of rat 
corpus striatum, porcine anterior pituitary, 
and the 731Sa transplantable rat pituitary tu- 
mor, which secretes prolactin and ACTH (2 1 ), 
were prepared for dopamine receptor binding 
studies as previously described (18). In brief, 
tissue was quickly dissected after sacrifice and 
placed into the iced buffer used throughout 
the study (i.e., 15 mAf Tris, 120 mM NaQ, 
5mA/Ka, lmA/MgCl2,2mA/Caa2,0.1% 
ascorbate, 12.5 /lAf nialamide, 0. 1 mA/EDTA, 
pH 7.3). Each tissue was broken with a Poly- 
tron (half speed, 15 sec), and the rat striatum 
and rat tumor were centrifuged at 50,000^ for 
30 min. The pellet from each tissue was then 
resuspended in buffer with the Polytron and 
added to the assay. For the porcine anterior 
pituitary, after a Teflon-glass homogeniza- 
tion (2Q0 rpm, 15 plunges), an 800^ (3 min, 
three times) centrifugation in 0.32 M sucrose 
buffer removed nuclei, unbroken cells, and 
debris. The supernatant was then centrifuged 
at 1 XOJQOOg for 60 min and the pellet resus- 
pended for the binding assay in the same way 
as the striatum and tumor. Because of the 



225 



0037-9727/83/020225-07$01.50/0 
Copyright O 1983 by the Society for Experimental Bic 
AUr 



226 



TETRABENAZINE ANTACX)NIZES DOPAMINE 



relatively low density of dopamine receptors 
in the anterior pituitary (15), this two-step 
process was adopted to increase the ratio of 
receptors to protein and thus improve the res- 
olution of the interaction of tetrabenazine with 
the dopamine receptor. 

[^HJSpiperone ( 1 -phenyl-4[^H]spiperone, 
51 Ci/mmole, New England Nuclear), a po- 
tent dopamine antagonist (22), was utilized 
to label the dopamine receptors. Nonsatura- 
ble binding was defined as that which was 
present with 2 ^iM cZ-butaclamol (gift of Ay- 
erst); thus saturable or specific [^H]spiperone 
binding was that displaced by the excess ofd- 
butaclamol. Increasing concentrations of te- 
trabenazine were added to the displacement 
experiments run at equilibrium (1.5 hr at 22- 
23^). The bound [^HJspiperone was separated 
from free by filtration (Whatman GF/C filter, 
15 sec, 20 ml cold bufier) and the trapped 
radioactivity was assessed by liquid scintilla- 
tion spectroscopy (machine counting effi- 
ciency, 38-43%). The protein content of the 
assay tubes was determined by a micro method 
(23), using bovine serum albumin as the stan- 
dard. 

B. The influence of tetrabenazine on pro- 
lactin secretion. Female Sprague-Dawley rats 
(200-220 g. Flow Laboratories, Dublin, Va.) 
were housed under conditions of controlled 
illumination, temperature, and humidity with 
firee access to water and standard rat chow. 

The synthesis and release of [^HJprolactin 
([^H]Prl) were evaluated as previously de- 
scribed (20). Briefly, following decapitation 
between 08:00 and 10:30 hr, the anterior pi- 
tuitary glands were rapidly removed and bi- 
sected. Three pituitary halves firom three dif- 
ferent rats were pooled, weighed, and placed 
into an incubation flask. Each flask contained 
1 ml of Medium 199 (M. A. Bioproducts, 
Walkersville, Md.), and 10 fiCi [^HJleucine 
(40-50 Ci/mmole, Amersham, Arlington 
Heights, 111.). Four flasks comprised each ex- 
perimental group. The flasks were incubated 
in a DubnoflF shaker under 95% 02-5% CO2 
at 37® for 5 hr, after which the medium and 
glands of each flask were separated. The pi- 
tuitary glands were homogenized in distilled 
water (1 ml), mixed with a 10% solution of 
Triton X- 100 (100 fi\\ and after centriftiga- 
tion, the supernatant was retained. The me- 
dium and homogenate from each flask were 



then separately analyzed by polyacrylamide 1 
gel electrophoresis. The radioactivity in the ] 
prolactin band was measured in a liquid scin- 1 
tillation spectrometer (Beckman, LS-233) and . 
the incorporated radioactivity was expressed ; 
relative to anterior pituitary wet weight as 
counts per minute [^H]Prl per milligram. The 
sum of the [^H]Prl values for medium and 
homogenate represented the total hormone 
synthesized de novo during the incubation. To 
evaluate the effects on pituitary prolactin syn- 
thesis and release, experimental drugs were 
added directly to the flasks at the onset of the 
5-hr incubation. 

Dopamine (Sigma) and tetrabenazine 
methane sulfonate (generously provided by 
Dr. W. E. Scott of Hoflman-LaRoche, Inc.) 
were each dissolved in distilled water. 

Animals were also given a single intraper- 
itoneal injection of either tetrabenazine 30 mg/ 
kg or the solvent, and trunk blood was col- 
lected 1, 4, 16, and 24 hr later. This tetra- 
benazine dose and temporal pattern of ad- 
ministration were based on profiles estab- 
lished for the observed behavioral and 
biochemical effects of the drug (1, 2). Sera 
were firozen until prolactin radioimmunoas- 
say. Anterior pituitary glands of rats given a 
single injection of tetrabenazine (30 mg/kg, 
ip) or solvent 1 , 4, or 24 hr earlier were then 
incubated in vitro in the absence or presence 
of 5(X) nM dopamine, which reliably in- 
hibits prolactin secretion under these condi- 
tions (20). 

The serum prolactin concentration (ng/ml) 
was measured by standard double antibody 
radioimmunoassay, using materials and pro- 
tocol supplied by Dr. A. Parlow of the 
NIAMDD Rat Pituitary Hormone Distribu- 
tion Program, Bethesda, Maryland. All sam- 
ples from each experiment were analyzed 
within a single radioimmunoassay and the re- 
sults were expressed relative to the rat pro- 
lactin standard RP-1. 

The mean ± SE was calculated for prolac- 
tin in the medium and homogenate or serum 
of each group. Analysis of variance was ap- 
plied to the data with P < 0.05 indicating that 
a significant difference existed. The dose-de- 
pendent nature of dopamine antagonism by 
tetrabenazine was further evaluated by linear 
regression analysis. 

Results. A. Tetrabenazine interaction with 
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bpamine receptor binding. The protein con- 
snt in this dopamine receptor assay (i.e., 0.2- 
:4 mg prolein/tube) was within the range (i.e., 
1.1-0.8 mg protein/tube) where specific 
^Jsp i pcrone binding increased linearly with 
Kacasiiig protein. Specific binding was 60- 
0% of total binding and the concentration 
f [^Hlspiperone used was 0.2-0.4 nM (i.e., 
-4X dissociation constant). In each of the 
iiree tissues, specific [^H]spiperone binding 
the dopamine receptor was displaced by 
etrabenazine with values for 50% displace- 
aent (ICso) listed in Table I. 

B. The influence of tetrabenazine on pro- 
actin release. We investigated biological 
nanifestations of the tetrabenazine interac- 
ion with dopamine receptors. As shown in 
^ 1 , anterior pituitary glands of normal fe- 
nale rats synthesized [^H]Prl equivalent to 
S,300 ± 1080 cpm/mg pituitary during a S- 
ir incubation. Of this total amount, 9500 
b 1150 cpm/mg were secreted into the in- 
ubation medium (open bar) and 5800 ± 430 
pm/mg were synthesized but retained within 



TABLE I. Tetrabenazine Displacement of Specotc 

['H)Spiperone Binding to the Dopamine Receptor 

OF Three Different Tissues 



Tissue 



ICyT (jlM) 



Corpus striatum 
Anterior pituitary 
73 1 5a tumor 



17.4 ± 3.4 
14.1 ± 2.3 
16.6 ± 1.7 



'The ICso was the tetrabenazine concentration that 
yielded 50% specific ['H]spiperone binding in each ex- 
periment. The mean ± SE is given for the three inde- 
peiKlent experiments performed on each tissue. There were 
no statistiodly significant differences between the tissues. 



the gland homogenate (shaded bar). Dopa- 
mine inhibited [^H]Prl secretion (P < 0.01 vs 
control), led to a small [^H]Prl accumulation 
within the homogenate and a reduction of 
total synthesis (P < 0.05). Tetrabenazine alone 
did not influence [^H]Prl synthesis or release, 
but glands incubated in both dopamine and 
tetrabenazine together demonstrated that the 
effects of dopamine were blocked. 
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Fto. 1. Tetrabenazine blocks dopamineigic inhibition of ['H]Pri secretion. Three anterior hemipituitary 
glands from three normal untreated female rats were incubated in a flask in Medium 199 (1 ml) and 10 
liG ['HPeudne for 5 hr. The synthesis and release of [^H]Prl were measured under the influence of dopamine 
and/or tetrabenazine (TBZ) added to the incubation flasks. The ordinate represents cpm ['H]Prl/mg pi- 
tuitary as the mean ± SE of the four flasks in each experimental group. The open bars represent ['H]Prl 
released into the incubation medium and the shaded bars. [^H]Prl synthesized but retained within the 
homogenate. The sum of the values of medium and homogenate is the total hormone synthesized during 
the incubation. 
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Fig. 2. The dose-related ability of tetrabenazine to re- 
verse dopamineigic inhibition of [^H]Pri secretion. The 
incubation conditions are described in the Fig. 1 legend. 
Increasing concentrations of tetrabenazine (shown loga- 
rithmically on the abscissa) were added to incubation flasks 
containing 500 nA/ dopamine. A dopamine antagonism 
score was derived from the ratio of [^H]Pri released in 
the presence of tetrabenazine and dopamine compared 
to the mean value for [^H]Prl released in the presence of 
dopamine alone, where greater dopamine antagonism by 
tetrabenazine yielded a greater score. Each point on the 
graph was the score for an individual incubation flask. 
The regression line and 95% confidence limits (horizontal 
bars at each concentration) for the data demonstrated a 
high correlation of tetrabenazine concentration with do- 
pamine antagonism (P < 0.0001; r^ == 0.689125). Dopa- 
mine alone inhibited ['H]Prl secretion about 90%. 



The effect of 500 nA/ dopamine alone on 
[^H]Prl secretion was compared with the same 
dopamine concentration and increasing 
amounts of tetrabenazine. The data in Fig. 2 
demonstrate a highly significant dose-related 
ability of tetrabenazine to antagonize dopa- 
minergic inhibition of [^H]Prl secretion. Tet- 
rabenazine concentrations greater than O.IS 
fiM significantly blocked the dopamine effect 
iP<0,05). Tetrabenazine had no effect on 



synthesis or release of ^H-growth hormone 
(data not shown). 

The serum prolactin values after injection 
of either tetrabenazine or solvent are given in 
Table II. As seen in Fig. 3, one hour after 
solvent injection, pituitary [^H]Prl secretion 
could be inhibited by dopamine in vitro (P 

< 0.01 compared to control). One hour after 
injection of tetrabenazine, however, [^H]- 
prolactin secretion was refiractory to dopa- 
minergic inhibition. Prolactin synthesis and 
release by glands of tetrabenazine injected an- 
imals was unchanged from solvent-injected 
controls. As seen in Fig. 4, tetrabenazine 
treatment 4 hr earlier blunted the action of 
dopamine compared to the dopaminergic ef- 
fect on glands of solvent-injected rats (P 

< 0.05). The anti-dopaminergic effect of te- 
trabenazine was less prominent at 4 hr than 
at 1 hr (Fig. 3). Twenty-four hours after a 
single dose of tetrabenazine, the full inhibi- 
tory effect of 500 nAf dopamine in vitro was 
again apparent. Compared to solvent-injected 
controls, [^H]Prl secretion was increased in 
glands of rats given tetrabenazine (30 mg/kg) 
both 4 and 24 hr earlier (P < 0.05). 

Discussion. Kuczenski (13) observed two 
effects after tetrabenazine injection: striatal 
dopamine synthesis was increased 100% 
within 1 5 min, and striatal dopamine content 
fell 90% by 30 min. In contrast, reserpine never 
stimulated dopamine synthesis at any dose or 
time after injection, despite near total dopa- 
mine depletion. Increased dopamine synthe- 
sis or turnover has been taken as biochemical 
evidence of pre- and/or postsynaptic dopa- 
mine receptor blockade (24, 25). A tetraben- 
azine analog, Ro 1-9564, also increased stria- 
tal dopamine turnover but without causing 
dopamine depletion, suggesting characteris- 



TABLE II. The Serum Prolactin Concentration in Female Rats after Tetrabenazine Administration 


Interval after injection (hr)* 


1 


4 16 


24 


Control 22 ± 9 (6) 
Tetrabenazine 450 ± 52 ( 1 2)* 


24.5 ± 4.1(11) 7.9 ±2.5 (6) 
254.7 ± 10.4(10)* 30.8 ±7.1 (5)* 


11.9 ± 1.5(12) 
9.3 ± 1.1 (11)' 



' Animals were given a single intraperitoneal injection of tetrabenazine (30 mg/kg) or solvent and sacrificed after 
these four subsequent periods. The values are the serum prolactin concentrations, ng/ml, mean ± SE. The number 
of animals in the group is in parentheses. 

*' P <0.0\ compared with the respective control. 

' Not significantly different from control. 
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FKj. 3. The influence of tetrabenazine (TBZ) in vivo on dopamineigic inhibition of [^H]Pri synthesis 
and release in vitro. Normal female rats were injected with TBZ or solvent and sacrificed one hour later. 
Their anterior pituitary glands were incubated in ['H]leucine in the presence or absence of dopamine and 
the values for [^H]Prl synthesis and release were obtained as described in I^ 1. 



of a pure dopamine antagonist (14). In- 
ised dopamine turnover by tetrabenazine 
also defined clinically by McLellan et ai 



(12), who gave tetrabenazine to patients with 
Huntington's Chorea and found that the ce- 
rebrospinal fluid concentration of homovan- 
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Fto. 4. The temporal profile of blockade of dopamineigic inhibition of [^H]Pri release in vitro by tetra- 
benazine in vivo. Four and twenty-four hours after a single dose of tetrabenazine (30 mg/kg, ip) or solvent, 
rat anterior pituitary glands were incubated in ['H]leucine in the presence or absence of dopamine. Each 
bar represents the value for ['H]Pri released into the incubation medium. 
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illic acid, a dopamine metabolite, was in- 
creased. Finally, Pletscher et al. (2) reported 
that tetrabenazine blocked physiological ef- 
fects of the dopamine agonist, apomorphine. 

Our biochemical and neuroendocrine data 
confirm and extend the impressions that tet- 
rabenazine can antagonize dopamine. Tetra- 
benazine displaced the specific binding of 
[^H]spiperone to dopamine receptors in sub- 
cellular particulates of three difierent tissues 
with an IC50 in each of about 1 5 iiM (Table 
I). Reches et al. (25) have reported similar 
data. Tetrabenazine has a relatively low affin- 
ity for the dopamine receptor compared to 
other dopamine antagonists. We have not yet 
distinguished whether tetrabenazine com- 
petes for the dopamine receptor site directly 
or modifies receptor function indirectly, such 
as by altering contiguous membrane proper- 
ties. Under in vitro conditions tetrabenazine 
blocked dopaminergic inhibition of prolactin 
release (Fig. 1) in a dose-related manner (Fig. 
2) at concentrations that also decreased do- 
pamine receptor binding. One hour after tet- 
rabenazine injection, animals were hyperpro- 
lactinemic (Table II), and prolactin secretion 
was refractory to dopaminergic inhibition in 
vitro (Fig. 3). Thus, in vivo dopamine receptor 
blockade appears to have been at least par- 
tially responsible for the hyperprolactinemia. 
This impression is supported by the obser- 
vation that 30 min after tetrabenazine (5 mg/ 
kg) prolactin levels were increased 40-fold and 
prolactin secretion could not be reduced by 
apomorphine (26). We observed that dopa- 
mine antagonism was still apparent 4 hr after 
one dose of tetrabenazine (Fig. 4) but was of 
smaller magnitude than at 1 hr. It is impor- 
tant to recognize that metabolites formed af- 
ter in vivo administration of tetrabenazine ( 1 ) 
might also possess anti-dopaminergic prop- 
erties in the pituitary gland. Tetrabenazine had 
no direct eflFect on the basal secretion of [^H]Prl 
or ^H-growth hormone, suggesting a specific- 
ity to its action. Tetrabenazine has also an- 
tagonized dopamineiigic actions as measured 
by anterior pituitary secretion of radioim- 
munoassayable prolactin (27). 

Tetrabenazine is thus apparently able to in- 
terrupt dopaminergic transmission by two in- 
dependent mechanisms: antagonism at the 
dopamine receptor and blockade of dopa- 
mine storage in presynaptic granules. This 



unique situation may ofier future insights into 
the physiology of dopaminergic systems. 
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Role of Nocturnal Feeding In the Development of the DIumal Rhythm of 
Jejunal Sucrase Activity (41551) 
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Abstract. A diurnal rhythm of jejunal sucrase activity has been shown previously to make its 
developmental appearance in the rat at the time of weaning (Day 22). In this study we found 
that the rhythm was not present on Day 23 if the onset of feeding was not coordinated with the 
onset of darkness. Conversely, the sucrase rhythm appeared precociously (Day 19) in pups weaned 
onto chow on a schedule in which the onset of feeding is coordinated with the onset of the dark 
period. It is concluded that the normal developmental appearance of the sucrase rhythm is due, 
at least in part, to the fact that ad libitiun feeding becomes nocturnal around Day 22. 
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In adult rats, numerous digestive and ab- 
sorptive activities of the jejunum exhibit cir- 
cadian rhythms. Disaccharidases have been 
the most widely studied of these activities. In 
rats fed ad libitum, maltase and sucrase ac- 
tivities peak during the dark period of the light/ 
dark cycle (1,2). If feeding is restricted to the 
light period, the phase of the enzyme rhythms 
changes such that maximal activities coincide 
with the time of feeding (1,2). Likewise, when 
adult rats are kept in continuous light or con- 
tinuous darkness, peak values of maltase and 
sucrase activities occur at the time of feeding 
(3, 4), even when food is offered at unusual 
intervals such as every 12 hr (3) or every 32 
hr (5). Thus, in the adult, the rhythms of these 
disaccharidase activities are synchronized 
more strongly by the feeding rhythm than by 
the lighting rhythm. Surprisingly, it is the pro- 
tein component of the diet rather than the 
carbohydrate which elicits disaccharidase 
rhythms (3, 6). Furthermore, these enzyme 
rhythms cannot be a direct consequence of 
rhythmic availability of nutrients in the lu- 
men t)ecause maltase and sucrase activities 
continue to show a rhythmic pattern in fasted 
animals in continuous light (5), in bypassed 
jejunal sacs (6), and in animals receiving in- 
travenous nutrition (7). Thus it is likely that 
the rhythmic changes in disaccharidase activ- 
ities in adult rats are generated by an endog- 
enous circadian time-keeping mechanism and 
the time of feeding merely sets the phase of 
the enzyme rhythms. 



' To whom all correspondence should be addressed. 



During development, disaccharidase 
rhythms are not present in fetal rats (8) or in 
suckling rats (9, 10). When rat pups are al- 
lowed ad libitum access to both their dam and 
solid food, the sucrase rhythm is first detected 
on the 22nd postnatal day (9), coincident with 
the time that weaning is normally completed. 
When animals are prevented fix)m weaning, 
no rhythm of jejunal sucrase activity is pres- 
ent on Day 22 (9). This observation led to the 
conclusion that the ontogenic appearance of 
the sucrase rhythm is cued by some aspect of 
weaning (9). The overall aim of the current 
study was to further elucidate this role of 
weaning. 

The process of weaning constitutes a com- 
plex environmental change for the intestinal 
tract. The diet changes in composition and 
there is a significant change in the rhythmic 
pattern of ad libitum ingestion. Suckling rats 
normally feed predominantly during the light 
period (11,12), despite the fact that they seem 
to be intrinsically nocturnal feeders (13). 
Diurnal suckling is probably imposed on the 
pups by the mother as a result of her noctur- 
nal pattern of feeding and activity. Only when 
the pups begin to nibble chow can they ex- 
press their own nocturnal feeding rhythms (9, 
11). Thus, one potentially critical aspect of 
normal weaning is that the onset of feeding 
becomes coincident with the onset of the dark 
period. In this regard it is important to note 
that the study in which weaning was pre- 
vented (9) utilized a suckling schedule wherein 
the onset of feeding was not coordinated with 
the onset of the dark period. The aim of this 
work was to clarify the role of the timing of 
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iseding liiythm with respect to the devel- 
ental appearance of the circadian rhythm 
junal sucrase activity. 
[mterfads and Methods. Chemicals. Su- 
t used for assay of sucrase was ultra pure 
e (Schwarz-Mann, Orangeburg, N.Y.). 
X)sc was measured using Statzyme Glu- 
(SOO nm) from Worthington Biochemi- 
(Freehold, N.J.). It was necessary to dis- 
- this reagent in 500 mM Tris, pH 7.4 
cad of water), in order to inhibit residual 
ise activity. Bovine serum albumin (Sigma 
nical Co., St. Louis, Mo.) was used as the 
sin standard. All other chemicals were re- 
t grade. 

nimals. Pr^nant rats of the Sprague- 
Icy strain (Charies River CD) were re- 
xl from Charles River Breeding Labora- 
s (Wilmington, Mass.) on the ISth day 
station. They were housed in air-condi- 
k1 quarters (2^ + P) with a 12-hr light/ 
: cycle. On the due date, cages were 
iced every 2 hr for the presence of pups, 
birthdate was r^arded as Day 0. Ap- 
imatdy 24 hr postpartum, all litters were 
ioed to nine pups. Each litter was housed 
its mother with food (Purina Lab Chow) 
water available ad libitum until the age 
Q experiments were begun. 
wd intake. Preliminary studies showed 
for a 4-hr feeding period, the weight of 
lach contents accurately reflected the 
ht of food ingested. In addition, we found 
precociously weaned pups were much 
B likely to thrive if they were housed in 
p8 of four or eight than if they were housed 
ly. Because measurement of individual 
[ intake would require single housing, we 
ened to house pups in groups and to use 
lach contents as a measure of ingestive 
ivior. 

iqferiment I A. Three litters of nine pups 
i used for this experiment. At 20 days of 
mothers were removed during the first 3 
ttiie light period. From that time onward, 
I were provided with solid food (Purina 
C3iow) during the entire dark period and 
be first 4 hr of the light period. Thus, on 
adiedule the onset of feeding was coor- 
led with the onset of the dark period. Food 
removed during the latter 8 hr of the light 
mL Water was available at all times. The 
ifioe sequence began during the light pe- 
on Ae 22nd day of age. One pup was 



removed firom each litter every 4 hr until all 
nine pups in each litter had been sacrificed. 
To avoid disturbances in the animal quarters 
at the time of the light/dark and dark/light 
transitions, the time points were arranged to 
occur O.S hr after lights-off and lights-on. At 
each time point, pups were weighed and then 
sacrificed by decapitation. Stomach contents 
were removed and weighed, and the small in- 
testine (firom the ligament of Treitz to the il- 
eocecal junction) was removed. The proximal 
half of the small intestine (defined as the je- 
junum) was flushed thoroughly with ice-cold 
0.9% NaQ, then wrapped in Parafilm (Amer- 
ican Can Co., Greenwich, Conn.) and stored 
at-10^ 

Experiment IB. Three litters of nine pups 
were used for this experiment. Procedures were 
exactly as described for Experiment 1 A except 
that firom Day 20 onward, the food was made 
available during the last 4 hr of the dark pe- 
riod and through the entire light period; i.e., 
pups were without food during the first 8 hr 
of the dark period. Thus on this schedule the 
onset of feeding occurred 8 hr after lights-ofi*. 

Experiments 2A and 2B. The details of these 
experiments were basically the same as those 
of Experiment lA and IB, respectively, ex- 
cept tliat mothers were removed on Day 17, 
the liiythmic availability of chow was insti- 
tuted at that time, and the sacrifice sequence 
began on Day 19. Moreover, because weaning 
at such an early age is known to have dele- 
terious consequences for the pups (14), each 
litter was given an ''aunt*' at the time that the 
mother was removed. "Aunts" were virgin fe- 
males who were trained on the appropriate 
feeding schedule for 1 week prior to use in 
the experiments. Since weanling rats mimic 
the feeding behavior of adults placed with 
them (15), the presence of trained "aunts" 
could be expected to minimize the time of 
adaptation to the solid diet and to the appro- 
priate feeding schedule. 

Assay procedures. Sucrase was assayed in 
the mid-jejunum where it has maximal activ- 
ity (16). For this purpose, the middle 10 cm 
of the jejunum was slit lengthwise and scraped 
with a steel spatula to remove the mucosa. 
Homogenates of mucosa were prepared in 9 
vol 0. 1 54 A/ KQ by nine strokes (approxi- 
mately 45 sec) of a Potter Elvehjem Teflon/ 
glass homogenizer. Enzymic activity in 0. 1 ml 
homogenate was measured by incubating at 
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37"" with 0.4 ml 62.S mM sodium maleate 
buffer, pH 6.0, containing 0.3 Af sucrose. The 
reaction was stopped by precipitation of pro- 
tein with 0.2 ml of 1 .8% Ba(OH)2 • 8H2O, and 
the mixture was then neutralized with 0.2 ml 
2% ZnS04 -71120. Glucose produced from 
sucrose was measured with glucose oxidase 
reagent. Corrections were made for endoge- 
nous glucose in the tissue and in the substrate. 
This method for assay of sucrase activity is 
essentially the same as that originally de- 
scribed by Doell and Kretchmer (17). Protein 
was determined in duplicate by the method 
of Lowry et al. (18). Sucrase activities were 
first expressed as micromoles of glucose pro- 
duced per hour per milligram mucosal pro- 
tein. Values from each litter were then nor- 
malized by the method of Stevenson et al. (2). 
This method involved dividing the individual 
values by the mean value for that litter, thus 
setting the daily mean for each litter equal to 
1 .00. Normalization facilitated comparison of 
the magnitudes of the diurnal fluctuations ir- 
respective of the absolute activity at a given 
developmental age. 

Statistics. All data were assessed by the use 
of a two-tailed Mann- Whitney U test. For 
jejunal sucrase activity, two hypotheses were 
tested. Hypothesis I was that there is a rhythm 
synchronized by the light/dark cycle. To test 
this hypothesis, the first two time points of 
the li^t period were compared with all other 
points. If these two points were found to be 
significantly lower than all others, a rhythm 
synchronized by the light/dark cycle was con- 
sidered to be present. Hypothesis U was that 
there is a rhythm synchronized by the feeding 
cycle. To test this hypothesis, the last point 
of the feeding period and the first point of the 
fasting period were compared with all other 
points. If these two points were significantly 
lower than all others, a rhythm synchronized 
by the feeding cycle was considered to be pres- 
ent. For stomach contents the presence of a 
rhythm was assessed by comparing the time 
point in the middle of the fasting period with 
all other time points. The results of these sta- 
tistical analyses are shown in Table I. 

For comparison of individual means for ei- 
ther sucrase activity or stomach weights. Stu- 
dent's two-tailed / test for unpaired values was 
used. 

Results. Experiment I A. When pups were 
raised from Day 20 on a schedule in which 



the onset of feeding was coordinated with the 
onset of the dark period, a distinct rhythm of 
jejunal sucrase activity was present at 22-23 
days of age (Fig. 1). Sucrase activities were 
highest in the 8-hr period spanning the onset 
of darkness. They declined during the latter 
part of the dark period and were minimal 4 
hr after lights-on. The first two points in the 
light period were significantly lower than all 
other points {P < 0.00 1 , both hypotheses. Ta- 
ble I) and the ratio of highest to lowest sucrase 
activity was 3.3. The weight of stomach con- 
tents also displayed a distinct rhythm (P 
< 0.001, Table I). However, this rhythm was 
out of phase with the sucrase rhythm in the 
sense that the stomach contents were minimal 
4 hr before lights-off whereas sucrase activities 
were maximal at that time. 

Sucrase activities in Fig. 1 have been nor- 
malized (see Methods) to facilitate compari- 
son with younger animals (Fig. 2). When the 
data from Experiment 1 A were plotted as ab- 
solute values (Axmole/min/mg protein), a 
rhythm superimposable on that shown in Fig. 
lA was obtained. The mean activity at the 
lowest point of the curve was 2.87 ± 0. 1 3 and 
that at the highest point was 9.S3 ± 0.46 
Axmole/hr/mg protein, respectively. 

Experiment IB. When pups were raised 
from Day 20 on a schedule in which the onset 
of feeding did not coincide with the onset of 
darkness, there was no detectable rhythm of 
jejunal sucrase activity by 23 days of age (Fig. 
1). P values given in Table I show that there 
were no significant variations of sucrase syn- 
chronized by either the light cycle (Hypoth- 
esis I) or the feeding cycle (Hypothesis II). The 
absolute activities of sucrase in this experi- 
ment ranged from 6.30 ± 0.87 to 10.58 ± 1 .45 
Axmole/hr/mg protein, respectively. The lack 
of diurnal rhythm of sucrase activity could 
not have been due to lack of rhythmic feeding 
or inadequacy of food intake since the weights 
of stomach contents displayed a significant 
rhythm (P < 0.001, Table I) similar to that of 
Experiment lA. In both experiments these 
weights were minimal 4 hr after food was re- 
moved from the cages. In Experiment IB the 
ratio of highest to lowest mean weight was 8. 1 
as compared with 5.1 for Experiment lA. 
Moreover, the absolute magnitudes of the 
stomach weights were just as great as in the 
previous experiment. 

Experiment 2 A. At 19 days of age, pups 
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FKj. 1. Jejunal sitcrase activity and weight of stomach contents for rat pups aged 22-23 days on either 
a coordinate feeding schedule (Experiment 1 A) or a discoordinate feeding schedule (Experiment 1 B). Values 
are given as mean ± SE (/i = 3). Lack of error bars indicates that the SE is smaller than the symbol. Time 
is shown on the axis by marks every 4 hr and by the age of the pups. Black bars indicate hours of darkness 
and solid symbols show values for animals sacrificed in the dark whereas open symbols show values for 
animals sacrificed in the light. Hatched bars indicate the feeding period. 



raised with both mother and chow available 
ad libitum do not display a diumal rhythifi 
of jejunal sucrase activity (9). However, when 
pups were precociously weaned using a sched- 
ule in which the onset of feeding was coor- 
dinated with the onset of the dark period (Fig. 
2A), a distinct sucrase rhythm was present. 
The phase of the rhythm was the same as that 
previously observed with the older pups (Fig. 
1 A), with minimal sucrase activities occurring 
during the first 4 hr of the light period and 
peak activities at the onset of darkness (P 
< 0.02, Table I). However, the ratio of the 
highest to lowest mean sucrase value in the 
younger pups (Fig. 2A) was only 1 .7, showing 
that the amplitude of the rhythm was ap- 
proximately half that found in the older pups 
(Fig. 1 A). This smaller amplitude may be re- 
lated to the fact that, although there was a 
feeding rhythm {P < 0.002, Table I), the ratio 
of highest to lowest stomach wei^ts of the 
younger pups (Fig. 2A) was only 3.5 (as com- 
pared with S.2 for the older pups). In this 
experiment the absolute values for sucrase ac- 
tivity were 4.60 ± 0.62 Mmole/hr/mg protein 
at the lowest point of the cycle and 7.S0 
± 0.68 limoic/bT/mg protein at the highest 



point of the cycle. The relationship between 
the phases of the rhythms of stomach contents 
and jejunal sucrase activity (Fig. 2A) was the 
same as previously noted for Experiment 1 A, 
i.e., the greatest rise of sucrase activity oc- 
curred during the middle 4 hr of the light 
period while the weights of stomach contents 
were showing their greatest decline. 

Because sucrase values in Figs. 1 A and 2 A 
are expressed on the basis of the mucosal pro- 
tein content, it is possible that the observed 
sucrase rhythm is due to a converse rhythm 





TABLE I. Statistical Analyses 
FOR ALL Experiments 




Sucrase activities 




Experi- 
ments 


Hypothesis I- 


Hypothesis 11^ 


Stomach 
contents 


lA 
IB 
2A 
2B 


P < 0.001 
/>>0.18 
P < 0.02 
P>OM 


P < 0.00! 
P>OM 
P < 0.02 
P > 0.36 


P < 0.001 
P < 0.00! 
P < 0.002 
/>< 0.015 



' Hypothesis I is tliat there is a rhythm synclironized 
with the light/dark cycle. 

^ Hypothesis II is that there is a rhythm synchronized 
with the feeding cycle. 
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Fig. 2. Jejunal sucrase activity and weight of stomach contents for rat pups aged 19-20 days on either 
a coordinate feeding schedule (Experiment 2A) or a discoordinate feeding schedule (Experiment 2B). All 
schematic details of this figure are exactly as described for Fig. 1 . 



of mucosal protein. However, examination of 
the protein values (data not shown) indicated 
that this was not the case. There was, if any- 
thing, a tendency toward higher protein val- 
ues at the time of peak sucrase values, al- 
though statistical analysis revealed no signif- 
icant rhythm (P > 0.8) in the mucosal protein 
content. 

Experiment 2B. In accordance with the 
findings in older pups (Fig. IB), precociously 
weaned pups maintained on a schedule in 
which the onset of feeding was not coordi- 
nated with the onset of darkness (Fig. 2B) had 
no detectable rhythm of jejunal sucrase ac- 
tivity (P > 0.34 for both hypotheses. Table I). 
Absolute values for sucrase activity in this ex- 
periment ranged from 4.91 ± 1.07 to 8.09 
± 0.72 Minole/hr/mg protein, respectively. 
Comparison of the sucrase data with those for 
stomach contents, indicates that there was no 
change of sucrase at the time when stomach 
weights showed their maximal decline. If a 
sucrase rhythm was cued solely by the feeding 
rhythm, then the results of Experiments 1 A 
and 2A would predict that a maximal rise of 
sucrase activity would be temporally coinci- 
dent with the maximal decline of stomach 
weights. Although a feeding rhythm did occur 
in the pups of Experiment 2B (P < 0.0 1 5, Ta- 
ble I) the absolute weights of stomach con- 



tents during the feeding period of Day 1 9 were 
significantly lower than those during the feed- 
ing period of Day 20 (P < 0.005). Moreover, 
body weights of the pups in Experiment 2B 
at the time of sacrifice (39. 1 ± 0.9 g) were sig- 
nificantly lower (P < 0.(M)1 ) than those of pups 
in Experiment 2A (46.7 ± 1.1 g). Thus, it is 
possible that low food intake on Day 19 (and 
earlier) accounted for the lack of a sucrase 
rhythm in this experiment. However, it is im- 
portant to note that even at a later age when 
the discoordinate feeding schedule was ro- 
bustly established (Fig. IB) there was still no 
sucrase rhythm. 

Discussion. The findings firom our experi- 
ments indicate that the coordination of the 
onset of feeding with the onset of the dark 
period is a critical factor in the ontogenic ap- 
pearance of the diurnal rhythm of jejunal su- 
crase activity. At 22 days of age a sucrase 
rhythm is present in rat pups raised in the 
standard fashion (i.e., allowed ad libitum ac- 
cess to both mother and chow until Day 21 
and then ad libitum access to chow alone) (9). 
In the current study a more pronounced 
rhythm was found in 22-day-old pups that 
were weaned onto chow at Day 20 on a feed- 
ing schedule wherein the onset of feeding and 
darkness were coordinated. However, when 
these events were not coordinated there was 



ONTOGENY OF JEJUNAL SUCRASE RHYTHM 



237 



DO sucrase rhythm at 22 days. The efficacy of 
the coordinated feeding schedule in eliciting 
rhythmic sucrase activity is illustrated by the 
bet that the sucrase rhythm appeared early 
(Day 19) in precociously weaned pups. Thus, 
during normal development, it seems a key 
reason for the appearance of the sucrase 
rh>ihm between Day 19 and E>ay 22 is that 
ad libitum feeding of chow becomes noctur- 
nal during this period (9). 

In view of the fact that the development of 
jejunal sucrase activity is powerfully affected 
bv glucocorticoids (17) and that endogenous 
corticosterone displays a diurnal rhythm be- 
ginning around E>ay 19 (19), it is logical to 
consider the possibility that corticosterone is 
responsible for the rhythms reported in this 
study. We believe this is highly unlikely for 
three reasons. First, in adult rats the sucrase 
rhythm is just as robust in adrenalectomized 
animals as in sham-operated controls (9). Sec- 
ond, the developing intestine has been shown 
to lose its glucocorticoid responsiveness 
around days 17-18 (20, 21). Third, Miyabo 
et al. (22) examined the effects of suckling 
schedule on the development of the cortico- 
sterone rhythm in rats and found that the hor- 
mone rhythm appeared at 20 days of age, re- 
gardless of whetfier pups were suckled in the 
light period or in the dark period. 

It is apparent that in the adult rat the 
rhythmic pattern of jejunal sucrase activity is 
generated by an endogenous circadian oscil- 
lator. The strongest evidence for this is the 
finding that with continuous light and with 
food offered for 8 hr once every 32 hr the 
sucrase rhythm has a period of 32 hr, but 
when these same animals are fasted, the pe- 
riod of the rhythm reverts to approximately 
24 hr (S). Assuming that the oscillator is lo- 
cated in the rat brain (23), there must be a 
neural or hormonal signal which interacts with 
the intestinal epithelial cells. In the suckling 
rat the central oscillator seems to be active, 
as there is an adult-like circadian rhythm of 
AT-acetyltransferase activity in the pineal gland 
as early as the first postnatal week (24-27). 
Moreover, suckling rats display an intrinsic 
p r e fere n ce for nocturnal feeding ( 1 3). Thus, 
the lack of disaccharidase rhythms during the 
suckling period (9, 10) is probably due to lack 
of the sifipaal mechanism or absence of a cou- 
pling between the signal and the oscillator. 
When feeding becomes coordinated with the 
natural (nocturnal) phase of the oscillator, the 



signal mechanism becomes operative. Once 
the sucrase rhythm is established there is ap- 
parently no longer a requirement for coor- 
dinated feeding because in adult rats the su- 
crase rhythm is not abolished when feeding 
is restricted to the light period (1,2). 

Given the evidence for the significance of 
coordinate feeding in the ontogenic appear- 
ance of the sucrase rhythm, we would have 
liked to determine whether the nature of the 
food is important. We were particularly in- 
terested in the question of whether non- 
weaned pups would display a sucrase rhythm 
if they were forced to suckle on a schedule in 
which the onset of suckling was coordinated 
with the onset of the dark period. In the earlier 
study from this laboratory (9), weaning pre- 
vention was achieved by the "16 + 8" suck- 
ling schedule originally described by Walker 
et al. (28). On this schedule the dam is re- 
moved to a separate feeding cage for the first 
8 hr of the dark period and then is returned 
to the pups for the next 16 hr. The schedule 
has the advantage of allowing the dam to feed 
noctumally as is her preference. In a prelim- 
inary experiment in the current series we at- 
tempted to modify the "16 + 8" schedule so 
that each day firom Day 1 1 onward, the dams 
were removed to a feeding cage during the 
last 8 hr of the light period. They were then 
returned to the home cage so that suckling 
could begin at the onset of the dark period. 
Starting on Day 19, pups were removed and 
sacrificed every 4 hr for a 32-hr period. In- 
spection of stomachs indicated that the pups 
obtained negligible milk during the first 8 hr 
of the dark period. This may have been a re- 
sult of the dams' continuing to be noctumally 
active. In this species, milk ejection occurs 
only when the dam is sleeping (29). In any 
event, the lack of milk intake by the pups 
during the early hours of the dark period 
meant that we were unable to investigate di- 
rectly the question posed. 

In summary, we conclude that the devel- 
opmental appearance of the diurnal rhythm 
of jejunal sucrase activity is due primarily to 
the emergence of a nocturnal feeding pattern 
in the pups at the time of weaning. Both phas- 
ing and periodicity of the sucrase rhythm in 
the adult rat appear quite labile (S, 6), sug- 
gesting a weak coupling between the central 
pacemaker and the driven oscillators (the su- 
crase system). From the adaptive standpoint, 
such a coupling may represent distir 
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vantage since availability of specific foods at 
defined times is unlikely in nature. In light of 
the relatively weak coupling system in the 
adult rat, it seems even more probable that 
appearance of a sucrase rhythm during de- 
velopment depends upon congruent input, i.e., 
phasing of food and light/dark signals. 
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Abstraa. There odsls a criticil period for the devdopment of ccrvicovagiiial lesioos in both 
mice and humans exposed neooatally and antenatalh to sex honnones. Mamman- gUnds from 
year-old female BALB/c mice exposed neooatally to 20 |ig esundiol for 5 days commencing at 
1 day of aae showed the mott mammary aboormahties. significantly greater than in controls {P 
< 0.005). The in cid en c e of aboonnahties declined when treatment was begun after Day 1. 
Treatments begun after Day 3 did not resuh in this stnictund pattenL Mice o>-ariectomized after 
treatment afl had inactive mammary glands with no aboonnahties. There is a critical exposure 
period for the fader occurrence of inammary gland abnonnahties. However, the aberrant secretory 
slate which accompanies these mammary gland aheratiotts may be a consequence of permanent 
aheration in ovarian ftmction or its endocrine control. 



Women may develop clear cell vagiiial ad- 
enocarcinoma as a result of diethylstilbestrol 
iJXS) exposure in utero when the exposure 
has occurred within the first trimester of preg- 
nancy (1). A critical period also exists for the 
development of cervicovaginal pathologies in 
the mouse exposed neonatally to sex hor- 
mones. If sex hormone treatment is not ad- 
ministered within the first 3 days after birth, 
there is a dramatic drop in the incidence of 
persistent vaginal comification in mice of the 
C57BL/MS strain (2) and of heterotopic co- 
liunnar epithelium in the upper vagina in mice 
of the NMRI stock (3). The aim of the present 
study was to examine the possible existence 
of a critical period for exposure of the neo- 
natal mouse mammary gland to hormones, 
analogous to that which exists in the repro- 
ductive tract 

Materiab and Methods. Five groups, each 
consisting of about 40 female newborn BALB/ 
cCrgl mice (mammary tumor virus-unex- 
pressed), were given five daily subcutaneous 
injections of 20 /ig 17j3-€^diol (E2) (Cal 
Biochem, La Jolla, Calif.) in 0.02 ml sesame 
oil (Hain's cold pressed) or the sesame oil ve- 
hicle alone beginning at 1,2, 3, S, or 10 days 
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of age. This dose is known to induce ovary- 
independent changes in the female mouse va- 
gina; owing to binding by a-fetoprotein, large 
amounts of estradiol must be used to be ef- 
fective (cf (4)). About one-half of the mice in 
each of the 10 treatment groups were ovari- 
ectomized at 40 days of age. Mice were main- 
tained at a constant photoperiod of 1 2 hr light 
and 12 hr dark and given food (Berkeley 
Oiet — roughly equivalent to other standard 
rodent chows: at least 20% protein and 7% 
fat) and water ad libitum. All mice were killed 
at 12 months of age. 

Mammary glands attached to the skin wca' 
fixed in 10% formalin. After removal from the 
skin, the glands were stained with iron-hc- 
matoxylin and examined blindly as whole- 
mounts. Subsequently, representative areas of 
mammary gland were embedded in paraffin, 
sectioned at 7 ^m and stained with hematox- 
ylin and eosin. 

Results. Mammary abnormalities were in- 
dicative of an aberrant secretory state. The 
major ducts were often dilated. Dilated por- 
tions of both the major and lateral ducts fre- 
quently had a beaded appearance and were 
filled with secretion (Fig. 1), which often ap- 
peared white (milk-like) in unfixed glands. 1 he 
beaded ducts were incompletely segmented 
structures lined by flattened epithelium sur- 
rounding basophilic secretion masses (I 'ig. 2), 
histologically resembling dilated lactating 
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MAMMARY LESIONS: CRITICAL NEONATAL PERIOD 

TABLE I. Incidence of Mammary Abnormalities in 12-Month-Old Intact FIbmale 
BALB/cCigl Mice Neonatally Treated for 5 Days 
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No. of mice 


with aberrant 


No. of mice with HAN^-like 




secretory sute (%) 




lesions (%) 


Neonatal treatment 










penod* (days) 


Control 


Estradiol 


Control 


Estradiol 


1-5 


0/22 (0) 


6/18 (33r 


0/22 (0) 


1/18 (6) 


2-6 


0/23 (0) 


1/23 (4) 


2/23 (9) 


1/23 (4) 


3-7 


1/23 (4) 


2/24 (8) 


0/23 (0) 


0/24 (0) 


5-9 


0/21 (0) 


0/23 (0) 


0/21 (0) 


0/23 (0) 


10-14 


0/20 (0) 


0/24 (0) 


0/20 (0) 


0/24 (0) 



* Subcutaneous ii^iections of 20 /ig 17/8-estradiol daily. 

* Hyperplastic alveolar nodule. 
'/»< 0.005 (x^. 



glands. Although beaded ducts and dilated 
ducts were often found concomitantly, beaded 
ducts were also found independently of di- 
lated ducts. 

A second abnormality consisted of dilated 
ductules and endbuds (Fig. 3). Lateral buds 
were also distended (Fig. 3). The ductules were 
lined with epithelial cells flattened by the dis- 
tension of the lumen with secretion (Fig. 4). 
The extent of secretory abnormality varied 
within each treatment group from a picture 
of general stimulation to one of r^onal stim- 
ulaticm. 

Mammary glands from intact mice treated 
pottnalally with estradiol from E>ays 1-S had 
the Ingbest incidence of mammary abnor- 
mafides (6/18 or 33%; significantly greater 
than in oontiols: P < O.OOS by x^ test). Treat- 
ment periods b^un later than Day 1 showed 
a ■FMT'*^ decline in incidence of mammary 
abnonmlhies to 8% or less. Only one control 
female esdubited an aberrant secretory state 
(TaUel). 

Hypefpiastic alveolar-like dysplasias of un- 
known significance were also observed in a 
few anhnah in both treated and control groups 
(Table I). All ovariectomized females (15-20 



per group), regardless of treatment, had poorly 
developed, thin ductal systems which fre- 
quently occupied only part of the mammary 
fat pad; no pathological changes were en- 
countered. Accordingly, these negative data 
were not included in Table I. 

Discussion. Treatment of mice with sex 
hormones prenatally leads to a variety of 
structural anomalies, such as athelia, amastia, 
and altered growth rates in eariy adult life (S- 
7). Our studies have been concerned with the 
long-term effects of neonatal estrogen expo- 
sure. 

Inasmuch as the basic development of the 
mouse mammary gland occurs during em- 
bryonic life, neonatal exposure to exogenous 
estrogen had little effect on its gross morpho- 
logical growth pattern. However, neonatal ex- 
posure at 1-S days of age did result in in- 
creased incidence of abnormal secretory states 
(8-10). The incidence of this condition de- 
clines with delay in onset of treatment; treat- 
ments begun after Day 3 are without visible 
effect. 

Although this experiment was not designed 
to distinguish between direct and indirect ef- 
fects of neonatal estrogen on the mammary 



Flo. 1. Wholemount of a mammary gland from a 12-month-old BALB/cCigl intact female given estradiol 
neonatally on Days 1-5. Segmented or beaded ducts are present, (iron-hematoxylin, 14x) 

no. 2. Histotogical section from Fig. 1 . Note the segmented ducts and basophilic secretion, (hematoxylin 
and eosin, SOX) 

Fto. 3. Whole mount of a mammary gland from a 1 2-month-old BALB/cCigl intact female given estradiol 
neonatally on Days 1-5. Dilated ductules and end buds are present, (iron-hematoxylin, 14X) 

Flo. 4. Histologica] section from Fig. 3. Note the flattened epithelial cells and distension of the lumen 
with basophilic secretion, (hematoxylin and eosin, SOx) 
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gland, the absence of any increase in mam- 
mary dysplasias and the atrophic condition of 
the gland in all ovariectomized females, re- 
gardless of treatment, support the hypothesis 
that the abnormal secretory state is a conse- 
quence of long-term alteration in the ovary 
or its endocrine control. Secondary to abnor- 
mal ovarian function, sustained prolactin se- 
cretion may occur (4, 11); changes in mam- 
mary gland sensitivity as a consequence of the 
direct effect of the neonatal hormonal stim- 
ulation and/or the changed endocrine milieu 
(4, 12) may also be involved. The critical pe- 
riod may begin in late embryonic life (not 
examined) but does not last beyond the first 
3 days, if indeed beyond the first postnatal 
day (Table I). 

We are indebted to Jimmy K. Louie, Aniko Mos, and 
Patricia L. Ostrander for their excellent technical assis- 
tance. 
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Invasion of Burkitt's Lymphoma Cell Lines by Yersinia enterocoiitica (41553) 
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Abstract. We attempted to detennine whether or not Yersinia enterocoiitica could invade two 
cell lines derived from Burkitt*s lymphoma (BL), P3HR-1, and Rigi cells, and if the expression 
of Epstein-Barr virus (EBV) genome could be activated by the invasion of the organisms into 
the cells. The invasiveness of Y. enterocoiitica into BL cells was examined morphologically, using 
transmission and scanning electron microscopy, and the induction of EBV antigens in the BL 
cells was examined by indirect immunofluorescence. Y. enterocoiitica was clearly observed to 
invade P3HR-1 and Raji cells within 2 hr incubation at 37'', after bacterial challenge. However, 
the invaded BL cells did not show significant induction of EBV early antigen after cultivation 
for 72 hr at 37''. Although the present experiment failed to yield positive findings pertaining to 
the activation of EBV genome, our experimental system per se may still be a useftil model when 
attempting to assess the effects of invading bacteria on the viral genome persistently carried in 
the host cells. 



has been reported that a repressed Ep- 
-Barr virus (EBV) genome in BL cells 
be activated by halogenated pyrimidines 
:), sodium butyrate (3), or 12-O-tetrade- 
>ylphorboH3-acetate (TPA) (4). The ma- 
1 infections in Africa may be possible co- 
>rs in the induction of Burkitt's lym- 
ma (5, 6). We consider that other 
roorganisms may also activate a repressed 
^ genome in BL cells, 
ince the organisms invading BL cells may 
/ate a repressed EBV genome, we decided 
se microbes with the ability to invade hu- 
I cells. There are reports on the intracel- 
r invasiveness of enteropathogenic Esch- 
hia coil (7), Salmonella (8), Shigella (9), 
pseudotuberculosis (10), and Y. enteroco- 
a (11) in human cell cultures. Of these, 
nterocolitica was considered to be a suit- 
organism as it will invade HeLa cells, 
i indicating its pathogenicity (11). We 
lied the invasiveness of Y. enterocoiitica 
BL cells, morphologically using electron 
roscopy and the effect of the invasion of 
organisms into BL cells on the expression 
iBV antigen was examined using an in- 
ct immunofluorescence method. 
iaterials and Methods. Cell lines. Three 
lines, P3HR-1, Raji, and HeLa, were used. 
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P3HR-1 cells (12) were producers and were 
positive for EBV antigens, viral capsid antigen 
(VCA), and early antigen (EA) by immuno- 
fluorescence tests. Raji cells (13) were non- 
producers and negative for their EBV anti- 
gens. Both P3HR-1 and Raji cells were main- 
tained in RPMI 1640 medium supplemented 
with 10% fetal calf serum, penicillin (100 
units/ml), and streptomycin (250 Mg/ml). 

HeLa cells were used as controls. The 
monolayer cultures were grown in Eagle's 
MEM medium supplemented with 60 fig/m\ 
of kanamycin and 10% calf serum at 37° for 
4 days. Afler trypsinization, the cells were har- 
vested by centrifugation and resuspended in 
the same medium, at a concentration of 
1 X 10^ cells/ml. 

Bacterial strain. The Y. enterocoiitica 
MY0(X)O3 strain used in the present study 
was a gift from Mr. T. Morigaki, Kyoto Pre- 
fectural Institute of Hygienic and Environ- 
mental Sciences. The organisms were initially 
grown on an agar plate of brain heart infusion 
(BHI, Difco) at 27° for 24 hr. One loopful of 
organisms from the agar plate was then sus- 
pended in 10 ml of antibiotic-free Eagle's 
MEM medium (0.2 mg wet weight of bacte- 
ria/ml). The resulting suspension was used for 
bacterial challenge. In addition, one portion 
killed by heating at 100° for 10 min served 
as the control. 

Invasion of cell lines by organisms. The 
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FUj, 1 . Transmission electron micrographs showing ihe presence of K eniewcotitica in the cytoplasm 
of P3HR-1 cell after bacterial challenge. (A) Incubation period: 2 hr, intracellular Y. enterocolitka was not 
surTound^ by a clear peribacillary space. (B) Incubation period: 18 hr. liie inlraccUular Y. enierocoiitica 
is pre^nt in vacuoles of PJHR-I and the cell is losing integrity. Y, Y. emerocoiUka; N, nindcus. 
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rhrcc cell lines, P3HR-1, Raji, and HeLa, were 
used as tai^gct cells. A bacterial challenge ex* 
pniment i^-as performed using the same pro- 
cedure as reported by Une (11). Two milli- 
iiiers of the BL cell suspension containing 1 
X 10^ cells/ml was mixed with an equal vol- 



ume of the bacterial suspension adjusted to 
0.2 mg wet weight of bacteria/ml in anti- 
biotic-free RPMI 1640 medium and the prep- 
aration was incubated at 37® for 2 hr. After 
bacterial challenge, the BL cells were har- 
vested by centrifugation and thoroughly 




Fig. 2. Transmission electron micrographs shoeing ihc presence of Y enterncolitica \i\ the c>ioplasm 
or Raji cell after bacterial challenge. (A) Incubation p)enod 2 hr. the intracellular >' enterncolitica is not 
surrounded by a clear peribacillar> space. (Bi Incubation period: 48 hr. the mtracellular >' €ntC'-'K'"ii::L^ 
is present in vacuoles of Raji cell, and the cell is losing integnt>. >'. >' entercKolitica; N. nucleus 

Fig. 3. Transmission clearon micrographs shovung the presence of >' enterrKolitica in the cytoplasm 
of HeLa cell after bacterial challenge. (Ai Intubation penod: 2 hr. the intracellular > eK'.c^'K- ..:..u is 
enclosed in a phagocNtic vesicle «Bi Incubation penixi- 18 hr. the mtracellular >' fi.v-'^.-.O:;.- is digested 
in part b\ a phagoc>iic-like prcKcdure tC* Incubation penod; "2 hr. the disruption of the mtrajellular >" 
enterocolitua is proceeding. V. )' cnrer-H.^lnua: \. nucleus: MV. microMlli. 

Fig. 4. Scanning electron micrographs of Y entenKfluica atuched to the three cell line? for 2 hr 
incubation after bactcnal challenge. t\} Attachment of >' cntertKol::wii to a P3HR-: cell v^-:th microvilli 
(B) .Attachment of >' enienHti!::ua to Ran cell v^iihout microvilh. 'Ci Attachment of > e-r:t''v ..::.»; to 
HeLa cell i*ith microvilli V. > fr:ic'''H."l::ua: MV. microvilli. 
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washed with the same medium to minimize 
extracellular organisms. The cells were then 
further incubated for 2, 1 8, 24, and 48 hr with 
fresh RPMI 1640 medium containing 5% fe- 
tal calf serum and 60 fig/ml of kanamycin to 
protect the cells from reinfection with the live 
organisms. The cells were then resuspended 
in the medium at a concentration of 1 X 10* 
cells/ml for subsequent electron microscopic 
observations. With the bacterial challenge ex- 
periment using HeLa cells as control, the me- 
dium used was Eaglets MEM in place of the 
RPMI 1640. The challenge procedure and 
subsequent treatment was carried out in the 
same order described above, plus an addi- 
tional 72 hr of incubation. 

To determine whether killed Y. enteroco- 
liiica could invade the three cell lines, the bac- 
terial suspensions were heated at 100"" for 10 
min and tested for the challenge experiment. 

Transmissum eleclnm microscopy. The BL 
cells challenged with the organisms were har- 
vested by centrifugation, fixed by adding 2% 
giutaraldehyde for I hr at 4**, washed twice 
with 0,1 .1/ cacodylate buflfcr (pH 7,2), and 
treated with \% osmiun tetroxide for I hr. 
After postfixation, HeLa cell monolaN-ers were 
removed from the glass bottle using a rubber 
policeman and the cells were harvwicd by 
centrifugation. The three cell specimens were 
then (leh\x)rat€<l in a graded series of 30 up 
to 100% ethanol, cleared in propylene oxide, 
and embedded in Epon 812. These prepara- 
tions wwe sectioned on an LK.B 8800 uhro- 
toome UK foUow>ed by staining with 10% akxv 
hohc uranyl acetate. 0,1% citrate, and wwe 
then examined using JEM lOOB transmission 
electiXM[i micrasc>ope (JEOL> at 80 kV. 

Scunmn^ W«\trtvf i«k^x$i\Y»y- The speci- 
mens >fc>enf pi>t|>ared by the same piocedure 
as vkscribed aboNt^ prior to the deii>dration 
in ethanol After critical-point drying. the> 
>fc^ere coaled >fcilh ^^ in a JFC- 1 100 ion sput- 
ter ^JEOLV aod >i^efe then examined >i^ith a 
JSM-35C scanning electron micrv>scope 
vJEOL>ai25kV 

Immttnofiueresixnce :esis. llie immuno- 
dui>o»ceiice ^as earned out us^ng the method 
01 Heole and tteoie i 14). P>HR- 1 or Ra^i cells 
chaikn^ed ^iih > c'«tT<.\\V:;:«.^i ^ere incu- 
Natied Sx 24. 4;$. aod "2 hr at >"* In the 
contioi culiure, P3HR-1 cells ^ett^ justed 
u? a oxtcetRTitKXi or 1 x :C^ v>SK ml and in- 



cubated for the same periods at 37°, with or 
without 5 mM w-butyrate ( 1 5), and Raji cells 
were treated with or without 4 mM w-butyratc ' 
plus 25 ng/ml of TPA (16). After incubation, 
the cells were resuspended in 0. 1 5 A/ phos- 
phate-buffered saline (PBS), pH 7.4, at a con- 
centration of 1 X 10^ cells/ml. 

A small drop of such suspension was 
smeared on a slide glass and allowed to dry ** 
at room temperature. The smears were then , 
fixed with acetone for 10 min and then dried 
at room temperature. The smears were in- ^ 
cubated for 1 hr at 37° with a 1:40 dilution * 
of standard serum from a patient with na- 
sopharyngeal carcinoma (NPC) (anti-EA ti- 
ter, 1 : 1 280; anti-VCA, 1 :2560). The cell spec- 
imens were washed with PBS three times and 
stained with a 1:20 dilution of FITC conju- 
gated anti-human IgG for 1 hr at 37°. After 
washing three times with PBS, a cover slip 
was mounted on the cell smears using S0% 
glycerol in PBS. Each specimen was examined 
under a Nikon FT type fluorescence micro- 
scope. The induction of EBV antigen-positive 
cells was examined by counting EA po»tive 
in comparison with controls. 

Results. Invasion of cells by Y. enterocoli- 
tica. Observations using the transmission 
electron microscope revealed that Y. entero- 
colitica inN-aded the cvtoplasm of the P3HR- 

1 cells within 2 hr after bacterial challenge. 
Both bacterial and cellular structures were 
completely maintained for the incubation pe- 
riod (Fig. l.A). On the 18 hr incubation after 
bacterial challenge, the structures of a few in- 
traceUular oiganisms remained intact, but the 
cellular striictuies of P3HR-1 were all but dis- 
rupted by that time (Fig. IB). 

In Raji ceUs challenged «ith the oiiganisms. 
the in\3sion b\ the organisms occurred within 

2 hr of incubation (Fig. 2A). The structures 
of a feu intracellular organisms u^ere stable 
for 4$ hr incubation ( Fig. 2B). while the struc- 
tures of Raji ceils began to disrupt No EBV 
particks were observiKl in any of the nuclei 
or cytoplasms in the P3HR-1 and Raji cells 
during the first -IS hr of iocubatioii. Slight 
moq?hok>gicaI alieranoQ of the structures of 
the HeLa ceils ^as observed during the 72-hr 
incubatiOQ after b^cTerial ijunenpr (Fi^ 3C\. 
The ekctroo micnDgFapiis showed numerous 
Of^^uusms inviiduig the cytopiasai of the HcLa 
ceils wichm the first Z-hr tncubitioa (Fig. 3A) 
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24 48 7? 

Hours in culture 



24 48 72 

Hours in culture 



Fkl 5. Efiect of invasion of BL cells by Y. enterocolitica 
oo the expression of EA. (A) Cultures of Raji cells were 
jacubrted (O) without treatment, (•) with Y. erueroco- 
kka, and (■) with 25 ng/ml of TPA + 4 mA/ /i-butyrate. 
(B)Ciiltiires of P3HR-1 were incubated (O) without treat- 
menu (•> with Y. enterocolUicay and (▲) with 5 mA/ 
ff-butyrate. 



and partial structure disruption of the intra- 
cdlular oiBanisms by the 18-hr incubation 
(Fig. 3B). The structures of the organisms were 
partially disrupted after 72 hr incubation 
(Fig. 3C). 

No organisms were seen in any nuclei of 
the three cell lines after bacterial challenge. 
The organisms presented in the BL cells were 
rarely surrounded by a clear peribacillary space 
within 2 hr incubation (Figs. 1 A and 2A). In 
contrast, nearly all the organisms observed in 
the cytoplasms of HeLa cells were surrounded 
by a clear peribacillary space within the same 
incubation period. In the case of control stud- 
ies of the Idlled organisms, electron micros- 
copy results revealed that the organisms were 
unable to invade any of the three cell lines 
during the 48-hr incubation. No morpholog- 
ical alteration of their three cell lines without 
bacterial challenge was observed during 72 hr 
incubation. 

Scanning electron microscopic findings. The 
scanning electron microscope was used to vi- 
sualize the surface features of the three cells 
during challenging with Y. enterocolitica. Or- 
ganisms were attached to the three cell sur- 
faces without altering the morphological in- 
tegrity of the cells during the 2-hr incubation 
after bacterial challenge (Figs. 4A-C). We also 
observed that the organisms were randomly 
distributed on the cell surfaces and could be 
entwined by the microvilli of the P3HR-1 or 
HeLa cells (Figs. 4A and C). In addition, the 
micrographs showed that the organisms could 



attach to the cell surface, even when Raji cell 
surfaces were smooth and lacked the micro- 
vUli (Fig. 4B). 

Effect of invasion ofBL cells by Y, entero- 
colitica on the expression ofEA. The effect of 
bacterial challenge on the expression of EA 
was examined by an indirect immunofluo- 
rescence technique. As shown in Fig. S, the 
results revealed no significant increases in the 
percentage of EA-positive cells in both the 
cultures tested and which were challenged with 
the organisms. 

Figure 5A shows that the EA-positive cells 
increased little in Raji cultures after bacterial 
challenge, compared to the untreated control, 
and the maximum rate of response obtained 
was 0.1% (72 hr). In the control culture, the 
positive cells in the Raji cultures treated in 
combination with 4 mA/ n-butyratc and 25 
ng/ml of TPA increased 32.2% in the first 24 
hr and reached a maximum of 40. 1% after 72 
hr of continuous treatment. The firequency of 
EA-positive cells in the untreated cultures was 
below 0.01%. 

Figure SB shows a slight increase of EA- 
positive cells in the P3HR-1 cultures after 
bacterial challenge compared to the untreated 
control and the maximum rate of response 
obtained was 1.5% even for up to 72 hr. In 
the control culture, the treatment of the 
P3HR-1 cells with 5 mA/n-butyrate markedly 
increased the number of EA-positive cells and 
the maximum rate was 43.()% (72 hr), while 
the frequency of EA-positive cells in the un- 
treated cultures reached a maximum of 0.8% 
for 72 hr. Attachment of the organisms to the 
BL cells may slightly increase the number of 
nonspecific fluorescence-positive cells. There- 
fore, there is probably little significant differ- 
ence in the number of EA-positive cells in the 
BL cells challenged with the organisms, as 
compared to the untreated controls. A min- 
imum of 500 cells were counted in each prep- 
aration. 

Discussion. The infectivity of Y. enteroco- 
litica to monolayer cell cultures may not be 
limited to the HeLa cells since its potential 
invasiveness into porcine kidney cells has been 
demonstrated by Pedersen et ai (17). Thus, 
the primary purpose of the present experi- 
ment was to determine whether or not the 
organisms were capable of invading the BL 
cells. 
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An assessment was made of the fine struc- 
ture of the BL cells invaded by the organisms 
and the findings were compared with HeLa 
cell structures. The transmission electron mi- 
crographs showed that the organisms invaded 
the cytoplasm of the P3HR-1 and the Raji 
cells within the first 2 hr of incubation, after 
bacterial challenge. The structures of a few 
intracellular organisms in the BL cells ap- 
peared to be intact during 18 hr incubation 
after bacterial challenge, while the primary 
BL cell structures were all but disrupted dur- 
ing the same period. The structures of the 
HeLa control cells were maintained for 72 hr 
incubation after bacterial challenge, whereas 
the structures of the intraceUular organisms 
were partially disrupted during the same in- 
cubation. 

Heating of the organisms to 100'' for 10 
min completely inhibited their capability to 
invade the three ceU lines. The HeLa cells are 
considered to be essentially somewhat phago- 
cytic as it has been reported that there are 
enclosed small particles such as carbon in the 
phagocytic vesicles (18, 19), whereas the lym- 
phoblastoid cells such as BL cells are thought 
to have little phagocytic ability (20). For these 
reasons, it was considered that the structures 
of a few intraceUular organisms in the BL cells 
might have been morphologically maintained 
in a normal state, even when the BL cell struc- 
tures were disrupted. On the other hand, the 
structures of the intracellular organisms in 
HeLa cells seemed to have been disrupted 
during the phagocytic digestion process. Fur- 
thermore, the characteristic feature of the or- 
ganisms within the BL cells was the predom- 
inant absence of an enveloping clear peribac- 
illary space. This may be because the BL ceUs 
do indeed have little phagocytic ability. Oi- 
rectly after infection, a few organisms could 
be detected in the three cell lines and after 1 8 
hr incubation several organisms were present 
in the cells. These findings suggest that the 
bacteria multiplied within the cells. 

Among the specimens so far examined 
electron microscopically, no induction of EBV 
particles was observed in either P3HR-1 or 
Raji cells, within 48 hr after the bacterial chal- 
lenge. 

In the immunofluorescence tests, the chal- 
lenge with Y. enterocolitica did not signifi- 
cantly increase the number of EA-positive cells 



either in P3HR-1 or Raji cells, during the 72- ^ 
hr incubation period. 

Although our present experiment failed to % 
yield positive results pertaining to the adi- i 
vation of the EBV genome in BL cells, the 3^ 
experimental system may still be considered i 
to provide a useftil model in studying the ef- i 
fectsofinvasive bacteria on the repressed viral i 
genome. 

We thank M. Ohaia for helpful editing of the manu- ' 
script 
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Puhfication and General Characterization of FAD Synthetase from Rat Liver^ (41 554) 
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Abstract. Flavin adenine dinucleotide synthetase (ATP:FMN adenylyltiansfeiase, EC 2.7.7.2) 
has been enriched more extensively than previously from fresh rat liver. For this, 10% homog- 
enates in sucrose-phosphate buffer were treated with 0.1% Tween-20 prior to high-speed oen- 
trifiigation to obtain soluble proteins. Those precipitated by 40% saturation with ammonium 
sulfate were subjected to stepwise addition of calcium phosphate gel to remove pyrophosphatase, 
and the remaining synthetase was further enriched by passage through a tricalcium phosphate 
column. An apparent yield of greater than 70% and purification over 70-fold was achieved from 
the high-speed supernatant fraction. The synthetase activity in solution at 4^ was largely lost 
within a week unless protected by thiols which could partly restore inactivated enzyme. The pH 
optimum for synthetase activity is near 7.7 when assayed with suitable concentrations of FMN, 
ATP, and Mg^^. Purified enzyme could be separated into lower (140,000) and higher (325,000) 
molecular weight components when subjected to molecular sieving on a Sephadex G-200 column. 



Earlier literature described the synthesis of 
flavin adenine dinucleotide from riboflavin in 
vivo in heart, liver, and blood in rats (1) and 
both in vivo and in vitro in human blood cells 
(2). The biosynthesis of the dinucleotide was 
further studied in rat liver and kidney by us- 
ing *^C-labeled riboflavin (3, 4). The enzyme 
responsible for the synthesis of the dinucle- 
otide and pyrophosphate from flavin mono- 
nucleotide and ATP was partially purified for 
the first time from yeast (5). The occurrence 
of the synthetase (pyrophosphorylase) was also 
described in higher plants (6). Purification of 
the dinucleotide-forming enzyme from the rat 
liver soluble fraction was attempted but with 
limited success (7), and some of its properties 
were described (8). The substrate require- 
ments, absolute for adenosine triphosphate 
and relative for riboflavin 5'-phosphate 
(FMN), were also reported for crude rat liver 
FAD synthetase (9). However, the difiiculties 
in isolating the enzyme sufiiciently free from 
FAD-hydrolyzing activity, principally pyro- 
phosphatase, had greatly limited further study 
and characterization of FAD synthetase, espe- 
cially from animal tissues. 
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In the present paper, we describe the means 
by which significant purification of pyro- 
phosphatase-free FAD synthetase from rat 
liver can be achieved. Additionally some gen- 
eral characteristics of the enzyme are noted. 

Materials and Methods. FMN, ATP, FAD, 
dithiothreitol, D-amino acid oxidase, cyto- 
chrome c, ferritin, bovine serum albumin, and 
polyoxyethylene sorbitan were purchased firom 
Sigma Chemical Company, St. Louis, Mis- 
souri. D-Phenyl glycine was obtained from 
Aldrich Chemical Company, Milwaukee, 
Wisconsin. Sucrose was the product of Mal- 
lincrodt, St. Louis, Missouri. Disodium-EDTA 
was purchased from Fisher Scientific Com- 
pany, Pittsburgh, Pennsylvania. Sephadex G- 
200 and blue dextran were procured firom 
Pharmacia Fine Chemicals, Piscataway, New 
Jersey. Other chemicals and reagents used 
were of analytical grade. 

Calcium phosphate gel for batch treatment 
was prepared by the method of Keilin and 
Hartree (10) and for chromatography by 
Swingle and Tiselius (11). Protein was deter- 
mined according to Lowry et al. ( 12) by using 
bovine serum albumin as the standard. D- 
Amino acid oxidase apoenzyme was prepared 
according to the method of Massey and Curti 
( 1 3). Rat livers were obtained fresh from Spra- 
gue-Dawley adult males maintained on lab- 
oratory chow. 

Assay of FAD synthetase activity. The assay 
was performed in two steps: (a) Incubation of 
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snithetase with FMN and ATP to form FAD 
ad pyropho^hate and (b) quantitation of 
FAD formed by conversion of apo-D-amino 
idd oxidase to its active holoenzyme which 
«3S subsequently assayed by the spectropho- 
lometric method of Fonda and Anderson (14). 
For the synthetase reaction, the mixture con- 
taned 1.67 X 10"^ A/ FMN, 4.17 X 10"^ A/ 
ATP, 6.94 X 10"^ A/ magnesium sulfate, and 
0.O33A/ potassium phosphate, pH 7.5, to 
which enzyme was added for 3 ml final vol- 
ume. The reaction mixture was incubated at 
37"^ and aliquots of 0.3 ml were then with- 
drawn at 0, 30-, and 60-min intervals and 
added to 2.S9 ml of 0.058 M sodium pyro- 
phosphate buffer, pH 8.5. To this was added 
10 fd (3-4 fig) of apo-D-amino acid oxidase. 
After IS min S fimole of D-phenylglycine was 
added to make a final volume of 3 ml, and 
the activity of the reconstituted enzyme was 
monitored at 252 nm for 10-15 min at room 
temperature against a reagent blank. Under 
these conditions with excess apooxidase, rate 
of friienylglycine oxidation was directly pro- 
portional to synthetase-produced FAD, as 
oompaied to standard amounts of FAD added. 

One unit of FAD synthetase is defined as 
the amount of enzyme that synthesized 1 
nmole of FAD at pH 7.5 in one hour at 37°. 

Assay of FAD pyrophosphatase activity. The 
FAD-destroying (pyrophosphatase) activity 
was determined by incubating at 37° a re- 
action mixture containing 0.6 fiM FAD and 
O.S ml of the enzyme preparation in a final 
volume of 3 ml of 0.05 M potassium phos- 
phate buffer, pH 7.5. From the reaction mix- 
ture, 0.3-ml aliquots were withdrawn at the 
same time intervals as for the FAD synthetase 
assay, and the pyrophosphatase activity was 
calculated from the residual FAD as again de- 
termined by spectrophotometric assay of the 
reconstitutol D-amino acid oxidase. 

One unit of pyrophosphatase is that amount 
of enzyme responsible for destruction (hydro- 
lysis) of 1 nmole of FAD at pH 7.5 in one 
hour at 37°. 

Synthetase purification. The purification of 
FAD synthetase includes neutral detergent 
treatment of a suspension of rat liver ho- 
mogenate in isotonic medium, centrifugation 
to obtain the soluble protein fraction, am- 
monium sulfate fi^ctionation, removal of py- 
rophosphatase by stepwise addition of cal- 



cium phosphate gel, and tricalcium phos- 
phate column chromatography. The protein 
content and the synthetase and pyrophospha- 
tase activities were determined for every step 
as detailed in the following: 39 g of rat liver 
were sliced and homogenized in 0.05 A/ po- 
tassium phosphate buffer, pH 7.4, containing 
0.25 A/ sucrose, by using the Potter-Elvehjem 
apparatus with a moderately tight Teflon pes- 
tle. The crude homogenate ( 10%, w/v) showed 
no FAD synthetase activity due to high mask- 
ing pyrophosphatase. 

The whole homogenate was stirred for 15 
min after adding Tween-20 (0.1% final con- 
centration), and was centrifuged at 100,000^ 
for one hour in a Beckman Model L prepar- 
ative ultracentrifuge. 

To the clear supernatant, solid ammonium 
sulfate was stirred to 40% of saturation. The 
precipitate was recovered by centrifuging at 
12,000^ for 14 min. This was dissolved in 
0.05 M phosphate buffer, pH 7.4, and di- 
alyzed against three changes of 0.02 A/ buffer 
over a 1 5-hr period. The contents remaining 
in the dialysis bag were centrifuged to remove 
any precipitate which appeared during di- 
alysis. 

Calcium phosphate gel (13.2 mg/ml dry 
weight) was added to the dialyzed solution at 
an initial proteinigel ratio of 4. The mixture 
was slowly stirred for 10 min and then cen- 
trifuged (12,000^) for 10 min. The slighUy 
yellow supernatant was recovered and the pel- 
let (which contained mostly pyrophosphatase 
and little synthetase activity) was discarded. 
The procedure was repeated jfewr more times. 
The clear and faintly yellow supernatant con- 
tained virtually all the synthetase and unde- 
tectable pyrophosphatase activity. 

The supernatant from the preceeding step 
was pour^ on a 3. 1 X 14-cm tricalcium phos- 
phate gel column preequilibrated with 0.02 
A/ phosphate, pH 7.4. The column was washed 
with 500 ml of the same buffer and then pro- 
tein eluted with 0.05 M phosphate, pH 7.4, 
in 3.6-ml fractions. 

Fully swelled Sephadex G-200 gel capable 
of sieving proteins of higher molecular weight 
(above 200,000 daltons) (15) was used. A 2.5 
X 50-cm gel column was equilibrated with 
0.025 M phosphate, pH 7.4. Marker proteins 
used were cytochrome c, bovine serum al- 
bumin (dimeric), and ferritin. Blue dextran 
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Fractions (3.6 ml each) 

Fig. 1. Elution pattern of FAD synthetase on a trical- 
cium phosphate column. The fractions (31-36) that con- 
tained highest activity were pooled for further analysis. 
See text for details. 

2000 was used to determine the void vol- 
ume (Kq). 

Results. As seen in Fig. 1, synthetase ac- 
tivity coeluted with the maximum of the prin- 
cipal protein fraction initially absorbed on the 
column. The eluted enzyme was found to be 
firee from pyrophosphatase activity. The ab- 
sorption spectrum with a principal maximum 
at 278 nm indicated absence of nucleic acids 
U26o-^28o = 0.58), but a minor chromophoric 
component is reflected by a small maximum 
at 438 nm. 

The activities and yields at each stage of 
purification are summarized in Table I. As 
seen from the data, much of the activity which 
was masked by interfering pyrophosphatase 
at earlier stages is recovered during an ap- 
parent enrichment of over 70-fold compared 
to the original supernatant. 

Stability. To assure relative stability, FAD 
synthetase eluted from the tricalcium phos- 
phate gel column was stored at 0-4° sepa- 
rately and after mixing with 0.2 ixtnolt of 
FMN, 0.5 /xmole of ATP, 1 /imole of mag- 
nesium sulfate, and 1 /imole of dithiothreitol 
in 1-ml portions. All samples unless frozen or 
treated with dithiothreitol lost most activity 
within 7 days. A frozen control retained 85% 
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. 2. pH dependence of FAD synthetase. Eighteen 
of enzyme were used in 1.5 ml for the synthetase 
3n at 37"*, and 0.3-ml aUquots were taken for assay 
lal (Methods). Buffers used were either 0.1 A/ po- 
rn phosphate (•) or 0.1 A/ Tris^HO (O). 



e original activity. Dithiothreitol (1 mAf) 
>iily protected but significantly enhanced 
times) the synthetase activity examined 
he second and fourth days. The thiol- 
ed enzyme even retained 90% of initial 
ity on the seventh day. 
J dependence. The effect of pH and buffer 
:tivity of FAD synthetase was determined 
1 M phosphate (pH 6-8) and in 0.1 A/ 
-HQ (pH 7-9) systems. The pH optima 
mined with these buffers were 7.6 and 
respectively (Fig. 2). 

oleadar weight. Two active components 
\D synthetase were eluted ftom each of 
separate preparations, and their approx- 
e molecular weights were estimated fix>m 
ine obtained by plotting the ratio of elu- 
to void volumes (VJVq) against log mo- 
ar weights (log MW) of the markers (Fig. 
6). The molecular weight of the lighter 
ponent 1 and the heavier component 2 
in the ranges of 130,000-150,000, and 
900-339,000, respectively. 
scnsskm. As noted previously (S, 7, 8), 
» synthetase activity could not be readily 
led in whole homogenates fix>m rat liver 
other animal tissues) due to the presence 
gh amounts of pyrophosphatase. Treat- 
t of the homogenate with Tween-20 
iCd to liberate more synthetase and par- 
retard pyrophosphatase. Greater quan- 
of this FAD-destroying enzyme were 
inated in the insoluble cell debris and 
culates by high-speed centrifugation. 
ever, pyrophosphatase activity returned 



when Tween-20 was removed during am- 
monium sulfate fractionation. The most ef- 
fective step for removing almost all the py- 
rophosphatase and much other protein im- 
purities was the calcium phosphate batch 
treatment which raised the apparent synthe- 
tase activity in the supernatant to about 14- 
fold over that obtained in the soluble fraction 
(cf. Table I). Tricalcium phosphate chroma- 
tography removed more impurities and 
yieldeid about 75% of the synthetase with 72- 
fold purification compared to that measured 
in the initial soluble protein firaction. Ac- 
tuaUy, this amount represented about half of 
the total units of synthetase present in the 
supernatant following the calcium phosphate 
batch treatment. 

The purified enzyme was faintly yellow in 
color. When stored at 0-4® it progressively 
lost most activity within a week. Although 
freezing offered reasonable protection, dra- 
matic effects were achieved by adding dithio- 
threitol which not only protected the enzyme 
fix>m inactivation but also caused reactiva- 
tion. Preparations that had lost up to half the 
activity upon storage regained this when 
treated with millimolar dithiothreitol. This 
suggests that the thiol can protect sulfhydryl 
groups of the enzyme that may be essential 
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F^G. 3. Molecular weight estimation of FAD synthetase 
by Sephadex G-200 gel filtration. Two milliliters (1.81 
mg/ml for one preparation and 1.73 mg/ml for another) 
were used for each run. Markers proteins (O) and syn- 
thetase preparations (A) are indicated. 
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for synthetase activity or conformational re- 
quirement. Substrates namely FMN, ATP, 
and/or Mg^^, did not protea the enzyme from 
inactivation. 

The pH dependence curves showed optima 
at pH 7.6 with phosphate and pH 7.8 with 
Tris-HQ buffers. Relatively greater activity 
was observed with Tris-HCl as compared with 
phosphate which might have complexed some 
Mg ions required for synthetase activity. 

The spectrum of the purified enzyme is typ- 
ical for a tryptophanyl-containing protein with 
an absorption maximum at 278 nm. The 
faintly yellow color attributed to a chromo- 
phore with absorption maximum at 438 nm 
may be due to impurity or possibly a pros- 
thetic group which might be essential for ac- 
tivity. The ^260-^280 ratio of 0.583 indicated 
the absence of nucleic acids/nucleotides in the 
preparation. 

Sephadex G-200 gel chromatography al- 
lowed separation of two active components 
of FAD synthetase in roughly equal amounts 
at the present stage of purification. As the 
smaller component has an estimated molec- 
ular weight of 130,000-150,000 and the 
heavier component one of 3 1 6,00-340,000, it 
is possible that the synthetase exists in poly- 
meric forms. 
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Abstract. i>Oalactosainine is an amino sugar with unique hepatotoxic properties in animals. 
Although the mechanism of liver injury by galactosamine remains controversial, a role for 
bacterial endotoxin has been suggested. In the present study, using New Zealand rabbits, we 
show that the significant increase in serum glutamic oxaloacetic transaminase which followed 
the injection of 4.25 mmole/kg of D-galactosamine was completely prevented in animals sub- 
jected to resection of small bowel and colon. Using an immunoradiometric assay specific for E. 
coli 026 endotoxin we showed that after instillation of SO mg of E. coii into the colon, serum 
levels of this endotoxin were higher in the animals injected with galactosamine than the controls 
injected with saline. However, the differences in endotoxin concentration between the two groups 
of animals was statistically significant only at 30 and 60 min. The role of endotoxin in the 
pathogenesis of galactosamine liver injury is reviewed and discussed. 



Since the discovery by Decker and Keppler 
of the hepatotoxic effects of D-galactosamine 
hydrochloride in rats (1,2), this substance has 
provided a model for the study of fulminant 
liver necrosis in experimental animals. Ga- 
lactosamine interferes with protein synthesis 
in the hepatocytes, but whether this is the 
mechanism by which the characteristic he- 
patocellular necrosis occurs has not been clar- 
ified. Endogenous gut-derived endotoxin has 
been suggested (3, 4) as the common mediator 
of hepatocellular injury induced by a variety 
of hepatotoxins. In both acute carbon tetra- 
chloride (CCL4) liver injury (5, 6) and cirrho- 
sis of chronic choline deficiency (7), endog- 
enous lipopolysaccharide (LPS) was shown to 
be critical for the development of the liver 
lesion. More recently endotoxin has also been 
implicated in the pathogenesis of the liver in- 
jury induced by galactosamine; colectomy in 
rats has been reported to protect against liver 
injury induced by this agent (8, 9). Other stud- 
ies, however, have challenged the role of gut- 
derived endotoxin in the production of he- 
patic injury (10, 1 1). In this communication 
we report a similar experimental model to test 
the role of the intact gut in the development 
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of galactosamine hepatitis, and to detect and 
quantify the absorption of endotoxin into the 
systemic circulation after galactosamine ad- 
ministration. 

Materials and Methods. Animals. New 
Zealand male rabbits, weighing approxi- 
mately 3 to 4 lb were used in all of the ex- 
periments. 

Galactosamine. D-Galactosamine hydro- 
chloride (Sigma Chemical Co., St. Louis, Mo.), 
was dissolved in phosphate-buffered saline 
(PBS) with pH adjusted to 6.8 with NaOH. 
In all experiments the galactosamine was in- 
jected into an ear vein at a dose of 4.25 mmole/ 
kg. Control rabbits received a similar volume 
of PBS. 

Endotoxin. Escherichia coli 026 LPS (lyo- 
phylized) was obtained from Difco (Detroit, 
Mich.) and dissolved in isotonic saline. 

Immunoradiometric assay for E. coli 026 
endotoxin. The assay has been described in 
detail elsewhere (12). In brief, IgC fraction of 
rabbit antibody to E. coli 026 endotoxin was 
labeled with *^^L Polyvinyl chloride microti- 
ter V-shaped plates were coated with 50 /il of 
unlabeled antibody (100 ng//il) in 0.1 A/ car- 
bonate buffer (pH 9.6) and incubated over- 
night at 4°. The wells were then washed three 
times (PBS-Tween 20) and 50 fil of radiola- 
beled antibody diluted with 1% bovine serum 
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albumin (] 00,000 cfmi/SO mI) was added, and 
the pbles were incubated avernigbt at 4"*. Eadi 
well was washed five times (PBS-Tween) and 
counted for 1 min in a 7 scintillation spec- 
trometer, A standard curve was plotted on 
double logarithmic graph paper. This curve 
plots known concentrations of 026 LPS against 
the ratio of E^/l - Eb. (Eb is the endotoxin 
bound and is derived from the test counts per 
minute (cpm) minus the Mank cpm, divided 
by the total cpm added). This assay can detect 
1 ng/ml E. coli 026 endotoxin in serum and 
shows no cross-reactivity with LPS from other 
Gram negative organisms. 

Enzyme determination. Serum glutamic 
oxaloacetic transaminase (SCOT) was mea- 
sured by a modification of the International 
Federation of Qinical Chemistry method us- 
ing the DuPont ACA Clinical Analyzer. 

Statistictd analysis. Enzyme values and E. 
coli 026 endotoxin were plotted against time 
and were analyzed by Student's / test with a 
confidence level of 9S% considered significant 
{p < 0.05). 

Experimental design. (I) Evisceration stud- 
ies. After an overnight fast, rabbits were se- 
quentially numbered and anesthesized in pairs 
with intravenous sodium pentobarbital. The 
carotid artery was exposed, and an indwelling 
cannula inserted for blood pressure monitor- 
ing and blood sampling. Four milliliters of 
Mood were withdrawn for determination of 
baseline SCOT values. The animals assigned 
an even number had a resection of the smaU 
bowel and colon from the third portion of the 
duodenum to the peritoneal reflection of the 
sigmoid colon, through a midline incision of 
the abdomen (evisceration). Due to a com- 
mon blood supply, the colon could not be 
resected without producing ischemia in the 
remaining small bowel. The hepatic artery and 
portal vein drainage from the spleen, stom- 
ach, and pancreas were left intact. The odd- 
numbered animals had manipulation of the 
gut without evisceration. The animals were 
then placed in restraining cages until recovery 
from the anesthesia. Ten eviscerated and 
eleven sham-operated animals were injected 
via an ear vein with 4.25 mmole/kg of D- 
galactosamine hydrochloride. After galactos- 
amine administration, 4 ml of blood was 
withdrawn from the carotid artery every 30 
min for 3.5 hr or until the animal expired. 



The mean blood p r essur e was continuously 
moiiitored, and serum samples were analyzed 
for SCOT. 

After termination of the experiment, ani- 
mals were sacrificed with an overdose of pen- 
tobarbital, and wec^ bver biopsies were ob- 
tained. The liver biopsies were fixed in 10% 
buflEaed formaldehyde and stained with he- 
matoxylin and eosin for histological exami- 
nation. 

(2) Absorption studies. Fasted rabbits were 
anesthesized in pairs and prepared as just de- 
scribed. After obtaining baseline values for 
SCOT and E. coli 026 LPS, a midline ab- 
dominal incision was performed and the co- 
lon exposed. Fifty milligrams of E. coli 026 
LPS d^scrived in S ml of isotonic saline was 
then injected into the lumen of the colon. 
Care was taken to avoid extravasation of the 
solution. The abdomen was closed, and the 
animals were allowed to recover from anes- 
thesia. The 10 even-numbered animals re- 
ceived 4.25 mmole/kg of i>galactosamine via 
an ear lobe vein (Group 1). The 10 odd-num- 
bered animals received the same volume of 
saline intravenously (Group 2). Blood was 
sampled every 30 min for 210 min for deter- 
mination of E. coli 026 LPS concentration 
and SGOT activity. At the end of this period 
the animals were sacrificed with an overdose 
of sodium pentobarbital, and a wedge liver 
biopsy was obtained for histologic examina- 
tion. 

Results. (1) Evisceration studies. In the 
sham-operated rabbits given galactosamine 
(Group 1), there was an elevation of SGOT 
activity in the arterial blood which bc^an at 
90 min and continued throughout the period 
of observation (210 min). Animals subjected 
to evisceration showed no elevation of SGOT 
activity. The difference in SGOT activity be- 
tween sham-operated and eviscerated animals 
was statistically significant (p < 0.05) at each 
time period beyond 120 min (Hg. 1). 

The mean blood pressure was not different 
between sham-operated animals and eviscer- 
ated animals during the period of observation. 
Histological examination of the liver biopsies 
of these animals showed minimal focal ne- 
crosis without a consistent pattern in animals 
of both groups. 

(2) Absorption studies. E. coli 026 endo- 
toxin was readily absort)ed fix>m the colon into 
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30 60 90 120 150 180 210 
Time (min.) 

FIG. 1. Serum glutamic oxaloacetic transaminase 
(SCOT) activity (mean ± SEM) after administration of 
4^ mmok/kg of galactosamine into sham-operated an- 
imate (O) and animals with cdon and small bowd re- 
sectioii (A). Di flfe rences between means aie statisticaUy 
sigmficant, p < O.OS, at 120 min and thereafter. 



the blood of animals given either D-galactos- 
amine or isotonic saline. The difference in 
concentration of LPS between the two groups 
of animals was statistically significant only at 
30 and 60 min {p < O.OS). After 90 min, the 
concentration of serum endotoxin in both 
groups was similar (Fig. 2). The SGOT activ- 
ities were significantly higher than controls {p 
< O.OS) beyond 90 min in the group of rabbits 
receiving galactosamine (Fig. 2). There was 
no statistically significant difference in the 
blood pressures between the two groups of 
animals. 

Disciission. In this study we demonstrate 
that colectomy and small bowel resection pro- 
tects the liver against the early toxic effects of 
galactosamine, which otherwise produces a 
steady rise in SGOT activity in intact animals 
within the first 210 min of administration. 
These studies confirm the work of Liehr and 
associates who implicated endotoxin in the 
pathogenesis of this lesion (8, 9, 1 S, 1 6). Using 
the Umulus gelation test, they found that en- 
dotoxemia r^;ularly follows the administra- 
tion of galactosamine in normal rats and that 
the ""endotoxin tolerant'* state protected these 
animals fix>m liver damage (9). In further 
studies by this group rats subjected to colec- 
tomy (9) or partial hepatectomy (17) were 
similarly protected. Complement-deficient rats 
(NMRI strain) were also refiractory to the toxic 
effects of galactosamine (8). Based on these 
findings, they postulated that galactosamine 



renders the liver incapable of effectively de- 
toxifying endotoxin. In addition, galactos- 
amine was found to cause mast cell degran- 
ulation in the gut with local release of hista- 
mine, leading to an increase in the colonic 
absorption of endotoxin. The increased ab- 
sorption of gut-derived endotoxin will then 
exert toxic effects on liver cells either directly 
or through the release of mediators by the 
Kupffer cells (3, 4, 18-20). 

These conclusions, however, have been 
contested by recent studies. In isolated per- 
fused rat livers where the colon is not a factor, 
galactosamine exerted a direct toxic effect on 
hepatocytes (10). Al-Tuwaijri et aL, using the 
Limulus gelation test, failed to confirm the 
presence of endotoxin in plasma after galac- 
tosamine administration in rats (11). 

£)ecker and Keppler (1,2) extensively stud- 
ied galactosamine liver injury and have ob- 
served an intracellular depletion of uridine 
triphosphate (UPT) shortly after galactos- 
amine administration with a resulting accu- 
mulation of uridine diphosphate (UDP). They 
speculated that the decrease in UTP levels in- 
terfered with RNA synthesis with subsequent 
inhibition of the synthesis of proteins and 
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Rg. 2. SGOT activities ( ) and serum E. coli 026 

endotoxin concentration ( ) in rabbits infused with 

galactosamine (▲) or saline (■). E. coli 026 endotoxin 
levels were significantly higher {p < O.OS) in the rabbits 
receiving galactosamine at 30 and 60 min. SGOT activity 
was significantly higher in the galactosamine group be- 
yond 90 min. 
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Other macromolecules ( 1 ). El-Mofty etal.(l 3) 
postulated that the changes in level of intra- 
cellular UDP-hexosamines were responsible 
for substantial structural changes in the plasma 
membrane of the hepatocytes leading to cell 
necrosis. However, other drugs that induce 
similar inhibition of protein synthesis, e.g., 
ethionine (13), cydoheximide (14), and ac- 
tinonycin D (9), do not cause significant he- 
patocellular necrosis. This fact as well as the 
severity of the liver injury suggested alternate 
explanations for the hepatotoxic effects of ga- 
lactosamine. 

The SGOT activity has been shown to re- 
flect the magnitude of the liver cell injury and/ 
or necrosis after galactosamine administra- 
tion. Blitzer et ai as well as £>ecker and Kep- 
pler (1,2) have carefully quantitated the liver 
injury induced by galactosamine using a bat- 
tery of serum markers such as: SGOT, glu- 
tamic pyruvic transaminase, lactate dehydro- 
genase, sorbitol dehydrogenase, fibrinogen, 
prothrombin, ammonia, and amino acids (2 1 ). 
They found no histological evidence of injury 
in other areas rich in SGOT such as the heart 
and striated muscle. Therefore, in the present 
study we considered that the SGOT values 
accurately reflected early hepatocyte injury. 

The histological changes observed in the 
liver after galactosamine administration have 
been extensively studied ( 1 , 2, 14, 26, 27). The 
lack of significant histological differences be- 
tween controls and animals which received 
galactosamine in our experiments is not sur- 
prising since the time frame used in this study 
was too brief for significant morphologicid 
changes to occur. Indeed, Koff e/ ai observed 
by light microscopy the first signs of histologic 
damage post-galactosamine administration 
only after 4 hr (27). 

It should be mentioned that evisceration 
can produce hemodynamic changes not de- 
tected by measuring the blood pressure alone. 
However, in preliminary studies we did not 
observe significant elevation of SGOT activity 
24 hr after resecting the small bowel and co- 
lon in rabbits. Furthermore, after eviscera- 
tion, not only is there a marked reduction in 
the amount of endogenous endotoxin, but also 
in the level of splanchnic hormones and met- 
abolic products such as ammonia and bile ac- 
ids. The role of these factors has not been 
evaluated in the pathogenesis of galactos- 
amine liver injury. 



In the absorption studies we used an im- 
munoradiometric assay for E. coli 026 en- 
dotoxin rather than the Limulus assay (22- 
24). This assay is specific for E. coli 026 LPS 
which is not present in the rabbit colon, thus 
serving as a marker for endotoxin absorption. 
We observed that endotoxin was readily ab- 
sorbed from the colon and detected in the 
blood of the animals injected with galactos- 
amine and the controls injected with saline. 
The absorption of endotoxin could be due in 
part to a nonspecific depression of the retic- 
uloendothelial system secondary to anes- 
thesia (25). However, despite the sin^ilar serum 
concentration of LPS in both groups of ani- 
mals, SGOT elevation was observed only in 
the animals injected with galactosamine. We 
believe that galactosamine may render the liver 
susceptible to the toxic effects of endotoxin. 
This conclusion is ftirther supported by the 
first part of our experiment where removal of 
the colon (resevoir of endotoxin) neutralized 
the toxicity of galactosamine to the liver. 
Whether the endotoxemia detected in these 
animals represents increased absorption, de- 
creased detoxification of LPS by the liver, or 
a combination of both could not be deter- 
mined in this study. 
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KRIS HUYGEN,*** ZHANG ZHEN-XI,f^ AND ERIK DE CLERCXJt 

* Pasteur Instittae Brabant, Brussels, Belgium, and ^Rega Institute for 
Medical Research, University ofLeuven, Belgium 



Abstract. Unlike their +/+ and nu/+ littermates, homozygous athymic-nude (nu/nu) mice 
that had been sensitized with Bacillus Calmette-Guirin (BCG) failed to produce interferon (IFN) 
in response to purified protein derivative (PPD). Likewise, spleen cells derived from BCG- 
sensitized nu/nu mice failed to produce IFN when exposed to PPD in vitro. These findings 
suggest that the T-oell subset that responds to specific antigens (i.e., PPD) is absent in athymic- 
nude mice. 



The production of immune (or type 11) in- 
terferon (IFN-7)^ has been described in var- 
ious experimental systems, such as spleen cells 
induced with the T-cell mitogens concanav- 
alin A (Con A), phytohemagglutinin (PHA), 
or staphylococcal enterotoxin A (SEA); lym- 
phoid cells treated with anti-lymphocyte 
serum or galactose oxidase; primary and sec- 
ondary mixed lymphocyte cultures (MLC); 
and, finally, sensitized cells upon reexposure 
to the specific antigen (for a review see (1)). 

The induction of IFN-7 depends on the 
cooperation of different cell types, i.e., T and 
B lymphocytes and macrophages (2), al- 
though the relative contribution of these dif- 
ferent cell types in the induction process has 
not been clearly assessed. Moreover, cloned 
T cells are by themselves capable of producing 
IFN-7 when exposed to Con A or specific an- 
tigens (3). 

Spleen cell cultures derived from athymic- 
nude (nu/nu) mice produce interferon in re- 
sponse to PHA or SEA (4, 5) but fail to do 
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SO when stimulated by either allogeneic cells 
or Con A (6, 7). It is likely that the subpop- 
ulation of T cells that normally responds to 
Con A or alloantigens is absent in nu/nu mice 
(or nu/nu mouse spleen cells) (7). This con- 
tention may also hold for specific antigens, 
since, as described in the present report, nu/ 
nu mice which have been immunized with 
BCG fail to produce interferon in response to 
PPD under conditions where their heterozy- 
gous littermates and homozygous H-/-I- coun- 
terparts are able to mount considerable in- 
terferon yields. 

1. Materials and Methods. /./ Mice. 
Outbred NMRI (Naval Medical Research In- 
stitute) nu/nu, nu/-l-, and -\-/-\- mice were 
reared and maintained as described before (8, 
9). C57B1/6J BOM nu/nu, nu/H-, and +/+ 
mice were obtained from G-I Bomholtg&rd 
Ltd., Ry, Denmark. Mice weighing 20-25 g 
were used throughout all experiments. 

1.2 Lymphoproliferaiion assay. Unfiac- 
tionated spleen cells were suspended at 5 X 10^ 
cells/ml in RPMI 1640 medium, supple- 
mented with 5% PCS (fetal calf serum), an- 
tibiotics, and 5 X 10"^ A/2-mercaptoethanol. 
The cells were plated in flat-bottomed micro- 
plates (Sterilin) in 2OO-/1I volumes. To acti- 
vate the lymphocytes, 20 ft! of freshly pre- 
pared mitogen solutions were added per well. 
Final concentrations of the mitogens were: 
Con A (concanavalin A, Pharmacia), 4 /ig/ 
ml; PHA (phytohemagglutinin, Wellcome), 
1 S fig/mU and LPS (lipopolysaccharide E. coii 
OSSBS, Instituut Pasteur Brabant), 20 /ig/ml- 
The cells were cultured for 72 hr in a humid- 
ified CO2 incubator, pulse labeled with 0.4 
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F^G. 1. Serum interferon titers of NMRI nu/nu, nu/+, and +/+ mice immunized with BCG and chal- 
lenged 2 weeks later with PPD. The interferon titers were determined at different times after PPD injection 
on the pooled serum fractions of three mice and are expressed in laboratory MuIFN-7 units; 0.6 log unit 
should be added to each value to obtain the interferon titers in terms of the National Institute of Health 
(USA) MuIFN-a, /3 standard 0002-904-5 1 1 . 



fiCi [me//ry-^H]thymidinc (Amersham, 8.3 
mCi/mg) per well and harvested S hr later on 
a Titertek Cell Harvester (Skatron). The ra- 
dioactivity recovered from the filters was 
measured in a Beckman LS.230 liquid scin- 
tillation counter. All experiments were done 
in quadruplate. Results are expressed as the 
mean ± SD counts per minute (cpm). 

1.3. Interferon production. 1.3.1. Antigen- 
induced I FN. The mice were sensitized intra- 
venously with BCXj (BCG strain GL 2, grown 
as surface pellicle) at 5 X 10* bacteria/mg/0.2 
ml/mouse (or PBS (phoshate-buffered saline) 
at 0.2 ml/mouse) and 2 weeks later injected 
intravenously with PPD at 1 mg/0.2 ml/mouse 
(or PBS at 0.2 ml/mouse). Blood samples were 
taken at several times (2, 4, S, 6, 8, and 12 
hr after the injection of PPD (or PBS) and 
the sera were pooled (three mice/group). 

For the in vitro production of IFN-7, mice 
were killed by cervical dislocation 2 weeks 
after the BCG inoculation. Spleens were re- 
moved aseptically, and the cells were dis- 
persed in a loosely fitting Dounce homoge- 
nizer, counted in a Coulter counter, and sus- 
pended at S X 10* cells/ml in RPMI 1640 
medium supplemented with 10% FCS, anti- 



biotics, and 5 X 10"^ A/ 2-mercaptoethanol. 
PPD was added at various doses and aliquots 
of the culture supernatant were harvested for 
IFN titration at either Day 1, 2, 3, or 4. 

1.3.2. Mitogen-induced IFN, Spleen cells 
derived from untreated mice were cultured as 
described in section 1.3.1. The cells were stim- 
ulated by Con A (4 fil/ml) or PHA ( 1 5 fil/ml) 
and culture supematants were harvested for 
IFN titration on Days 1, 2, 3, and 4. 

1.4. Interferon assay. Serum interferon ti- 
ters were determined by a virus plaque re- 
duction assay in mouse L-929 cells using VSV 
as the challenge virus. A laboratory standard 
of mouse type I interferon (MuIFN-a,/3), cal- 
ibrated against the National Institute of Health 
(USA) mouse type I interferon standard 
G002-904-511, was included in the inter- 
feron assays and gave a titer (10^^ units/ml) 
that was 0.6 X log unit lower than the ex- 
pected titer (10^^ units/ml). 

2. Results. 2.1. In vivo production of an- 
tigen-induced IFN As shown in Fig. 1, NMRI 
-\-/-\- mice which had been immunized with 
BCG produced significant amounts of 
MuIFN-7 after PPD injection (up to about 
5000 units/ml at the peak of the interferon 
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response). Their homozygous nu/nu counter- 
parts were completely unresponsive to the 
PPD challenge. In the heterozygous nu/-l- mice 
intermediate interferon levels were obtained. 
This indicates that the production of PPD- 
induced interferon (in BCG-sensitized mice) 
is under the control of a codominant gene, 
perhaps expressed only in mature T cells. 

The kinetics of appearance of MuIFN-7 in 
the +/+ mice was similar to that described 
by Stinebring and Absher (10): thus, the serum 
interferon titer reached its peak value at 4 to 
6 hr after PPD injection and declined to about 
10% of its peak value at 12 hr after PPD in- 
jection. The data presented in Fig. 1 concern 
the interferon titers obtained upon a double 
course of events (BCG infection followed 2 
weeks later by a PPD injection). No interferon 
was detected in the bloodstream of +/+, nu/ 
+, or nu/nu mice which were given BCG fol- 
lowed by PBS or PBS followed by PPD. 

2.2 In vitro production of antigen-induced 
IFN. As shown in Fig. 2, spleen cells from 
C57B1/6J +/+ mice, previously immunized 
with BCG, produced significant amounts of 
interferon following in vitro exposure to PPD. 
The highest IFN titers were obtained with PPD 
at 1 SO and SOO fig/m\ (the highest concentra- 
tions tested) but even at lower PPD concen- 
trations significant IFN levels were noted. In 
keeping with the data obtained in vivo (section 
3.1), homozygous nu/nu spleen cells were to- 
tally refractory to the interferon inducing ef- 
fects of PPD. The heterozygous nu/+ spleen 



TABLE I. Interferon Production in Spleen Cell 

Cultures Derived from NMRI nu/nu 

AND +/+ Mice 
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Fig. 2. Interferon titers obtained in the supernatant of 
spleen cell cultures derived from CS7B1/6J BOM nu/nu, 
nu/-(-, and +/-(- mice immunized with BCG and exposed 
to PPD in vitro. The spleen cells were removed 2 weeks 
after immunization of the mice with BCG and incubated 
with PPD for 24 hr. The interferon titers were determined 
as a function of the PPD concentration and are expressed 
in laboratory MuIFN-7 units as explained in the legend 
to Fig. 1. 
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cells produced intermediate interferon levels. 
Spleen cells derived from nonimmunized +/ 
-h mice did not produce IFN in response to 
PPD; neither did spleen cells fix)m BCG-im- 
munized mice in the absence of PPD (data 
not shown). 

2.3 Reactivity of nu/nu mouse spleen cells 
to T'Cell mitogens in vitro. Table I presents 
the kinetics of the IFN production in cultures 
of 5 X 10* spleen cells/ml activated with PPD, 
Con A, PHA, or NDV (Newcastle Disease vi- 
rus (strain La Sota), inactivated by /3-propi- 
olactone). BCXj-sensitized +/+ spleen cells 
produced substantial amounts of interferon in 
response to PPD. This interferon production 
remained constant for at least 4 days. How- 
ever, BCXj-sensitized nu/nu spleen cells failed 
to produce IFN in response to PPD, irre- 
spective of the time of incubation (1, 2, 3, or 
4 days). 

Although other authors have reported that 
PHA is capable of inducing interferon in nude 
mice (4), we were unable to demonstrate in- 
terferon induction by PHA in nu/nu mouse 
spleen cells, whether these cells were derived 
from NMRI nu/nu mice (Table I) or C57B1/ 
6J BOM nu/nu mice (data not shown). Con 
A also failed to induce IFN in nu/nu mouse 
spleen cells, which is consistent with the ob- 
servations of Kirchner et al. (7). In contrast 
with the nu/nu mouse spleen cells, nu/H- and 
+/+ mouse spleen cells produced significant 
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TABLE II. Proliferation of Spleen Cells Derived from nu/nu, nu/+, and +/+ Mice 


Inducer 


5 None-' 


PPD** Con A*' 


PHA-' 


LPS*' 


1 1570 ±244 
1530 ± 106 
1510 ± 133 


20,705 ±451 1,068 ± 170 

18,470 ± 798 69,330 ± 2595 

8,830 ±410 107,615 ±6805 


385 ± 28 
32,295 ± 2036 
56,725 ± 4020 


31,995 ±2350 
65,715 ± 3775 
69,740 ±3140 



he values are expressed as the mean ± SD radioactivity counts (cpm) obtained for quadniplate cell cultures. 
>leen cells derived from C57B1/6J BOM mice, sensitized 2 weeks earlier with BCG and incubated in vitro with 
[500 /ig/ml) for 24 hr, [m^/iy/-'H]thymidine was added during the last 5 hr of this 24-hr incubation period. 
»leen cells derived from NMRI mice and stimulated in vitro with Con A, PHA, or LPS as described in section 
?i«rA>/-^H]thymidine was added during the final 5 hr of the 3-day incubation period. 



unts of interferon in response to either 
A or PHA. The IFN titers induced by 
A and PHA reached their peak value at 
\r and declined during the next 3 days. 
« IFN levels were comparable to those 
ribed in the literature, 
[though unresponsive to the interferon- 
cing activity of PPD, Con A, and PHA, 
lu mouse spleen cells produced apprecia- 
imounts of IFN upon exposure to NDV. 
^ver, these IFN yields were significantly 
t than those obtained with nu/-l- or +/+ 
ise spleen cells. 

s shown in Table II, nu/nu mouse spleen 
did not proliferate upon stimulation with 
r-cell mitogens Con A and PHA. The B- 
mitogen LPS caused a significant prolif- 
ve response in nu/nu mouse spleen cell 
ires, albeit to a lesser extent than in nu/ 
ad -I-/-I- spleen cell cultures. It is note- 
hy that BCG-sensitized nu/nu spleen cells 
/ed a more pronounced proliferative re- 
in to PPD than the corresponding wild- 
+/+ spleen cells. The diminished H-/-I- 
m cell response may possibly be related 
ic growth-inhibitory effect of the inter- 
1 produced by these cultures. 
4 Characterization of the antigen- and 
gen-induced interferons. The interferons 
were produced by BCG-immunized -h/ 
lice and H-/-I- mouse spleen cells in re- 
isc to PPD were characterized as authen- 
(4uIFN-7 by their sensitivity to pH 2.0 
iplete loss of interferon activity after di- 
s against 0.1 A/glycine-HQ, pH 2.0, for 
r), relative resistance to heating at 56"* for 
nin (only O.S log decrease in interferon 
ity), neutralization by specific antibodies 
9d against SEA-induced MuIFN-7 (11)), 
lack of neutralization by anti-MuIFN-aJj 



serum. Mitogen-induced IFN was only par- 
tially destroyed by pH 2.0 treatment (residual 
interferon activity 20 to 30%). It was neu- 
tralized by specific antibodies to MuIFN-7, 
but not by antibodies to MuIFN-a,/3. 

3. Discussioii. Whereas PHA (4) and SEA 
(S) are capable of inducing IFN-7 in nu/nu 
mouse spleen cell cultures. Con A and al- 
loantigens are not able to do so (6, 7). A fail- 
ure to induce IFN-7 in athymic-nude mice 
has also been noted with the bacterial im- 
munopotentiator OK-432 (12). As further 
documented in the present i^per, specific an- 
tigens, i.e., PPD, also fail to induce IFN-7 in 
BCG-sensitized nu/nu mice. 

Recent studies of mitogen-induced DNA 
synthesis and interferon production in cells 
from different lymphoid tissues have indi- 
cated that certain mitogens such as PHA, SEA, 
and Con A selectively activate T-cell subpop- 
ulations (13). In view of the present data on 
interferon induction by specific antigens in 
nude mice and nude mouse spleen cells and 
the previously published data on interferon 
induction by PHA, SEA, Con A, and alloan- 
tigens in nude mouse spleen cells, one may 
postulate that the T-cell subset(s) responding 
to PHA and SEA are present in nude mouse 
spleen, whereas the subset(s) responsive to Con 
A, alloantigens, or specific antigens are not. 
However, some caution is warranted in the 
interpretation of the aforementioned data. In- 
deed, IFN-7 preparations obtained with SEA 
or PHA as the inducer may also contain IFN- 
a ( 14) and Con A-induced IFN-7 may be con- 
taminated by IFN-/3 (15). Furthermore, the 
contention that nude mouse spleen cells are 
able to produce IFN in response to PHA (4) 
should be reevaluated since we were unable 
to obtain IFN production with PHA in spleen 
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cell cultures derived from nude mice of 
different genetic background (NRMI and 
C57B1/6J). 

The patterns of production of type I and 
type II interferon are clearly differentiated. 
While unresponsive to specific antigens (i.e., 
PPD), nude mice produce substantial amounts 
of interferon in response to type I interferon 
inducers, such as NDV (this report) and poly- 
inosinic acid • polycytidylic add (9). More- 
over, macrophages derived firom nude mice 
infected with BCG or Corynebacterium par- 
vum produce similar type I interferon levels 
as macrophages derived firom their normal lit- 
termates (16). 

Although antibodies raised against SEA-in- 
duced interferon can neutralize different im- 
mune interferons (induced by PHA, Con A, 
MLC, and specific antigens) (S), this does not 
necessarily imply that they are all identical. 
The diversity of tte induction systems and the 
heterogeneity observed upon purification (17) 
could indicate that they are not. For human 
leukocyte interferon there exist at least 1 2 dif- 
ferent genes (18) and the products of these 
genes show important functional differences, 
for example in host-range (species specificity). 
A similar situation may also occur with 
IFN-7. 

We thank Dr. H. Heremans for the generous gift of 
anti-MuIFN-7 antiserum. Dr. J. Nyabenda for the PPD, 
and K. Palfliet for excellent technical assistance. 
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LIPOPROTEIN LIPASE ACTIVITY IN SEDENTARY AND ACTIVE RATS. B.W. Bennett. G.J, Bagby , 
J. Johnson, J.R. Porter, R.E. Shepherd . Dept. of Physiology, Louisiana State Univ. 
Med. Ctr., New Orleans, LA. 70112. 

The objective of this study was to determine the effect of 6 wks of voluntary 
physical activity by rats on lipoprotein lipase activity (LPLA) in heart, epidi- 
dyaal fat pad, soleus, and red vastus muscle. Throughout the study the animal fa- 
cility was luminated from 0600 h to 1800 h. Active rats (running in individual 
exercise wheels) averaged 10 km/ day during the last 3 wks of the study. Rats were 
killed by decapitation near the peak (2000 h) and valley (0800 h) of their cortico- 
sterone diurnal cycle. Adrenal corticosterone was similar in sedentary and active 
rats with the content increased significantly at 2000 h compared to 0800 h. Tissue 
LPLA did not differ between the two time periods examined in either sedentary or 
active rats. In active rats, red vastus muscle was the only tissue that consis- 
tently exhibited an increased LPLA when compared to sedentary rats. Adipose tissue 
LPLA per fat pad decreased in active rats. The results indicate that 6 wks of vol- 
untary exercise in the rat produced tissue dependent changes in LPLA. (Supported 
by NIH grants AM 28521 and HL 04795.) 



MECAKYLAMINE (MA) ANTAGONIZES POTENTIATION OF SODIUM PENTOBARBITAL (NAP) INDUCED 
SLEEP BY NICOTINE. David T. Butsch. Benjamin E. Alderete, and Arvind T. Modak . 
Dept. of Pharmacology, UTHSCSA, 7703 Floyd Curl Drive, San Antonio, Tx 78284. 

We have shown that nicotine exhibits selectivity in modifying the hypnotic ef- 
fects of CNS depressants in mice. The purposes of this study were to establish 
the dose response for nicotine and to determine the mechanism(s) of action of ni- 
cotine. Sprague Dawley male ICR mice were used. Sleep time was determined by 
taking the difference between the time of loss and regaining of the righting re- 
flex. Intraperitoneal (IP) injections of 5 ml/kg normal saline or 2.5 or 5 mg/kg 
nicotine were given 15 minutes prior to 50 mg/kg NAP, I. P. In another study mice 
were given 0.5 mg/kg MA, I. P., 15 minutes prior to nicotine. Nicotine, was ad- 
■inistered I. P. 15 minutes prior to 50 mg/kg NAP, I. P. Sleep times in min ± S.D. 
(number of mice) for sodium pentobarbital were: control: 48 ± 8.2 (15), 2.5 mg 
nicotine: 60.2 ± 9.2 (14), 5 mg nicotine: 72.9 ± 11.7 (15), 0.5 mg M.A. plus 
2.5 mg/kg nicotine: 43.0 ± 1.5 (15). These data show that nicotine potentiated 
NAP induced sleep time in a dose dependent manner. Also, MA, a nicotine antago- 
nist, normalized NAP induced sleep time in mice pretreated with nicotine. These 
data indicate that the nicotinic receptors are involved in nicotine potentiation 
of sodium pentobarbital induced sleep. (Supported by Grant 5S06RR08170-05). 



D06 HEPATIC LIPASBi A TRI-FDNCTIONAL ENSYMB. Mei-Yu Chuangy Laurence Wynq, and 
Paul 8, Roheim , Department of Phyaiology, Iiouiaiana State Univeraity Hedical 
Center, 1542 Tulane Avenue, New Orleana, Iiouiaiana 70112 

Hepatic lipase can be found in the liver and poat-heparin plasma. Its physi- 
ological role in lipoprotein metabolism is not clear. It may be a tri-functional 
ensyme consisting of tri-, mono-acylglycerol lipase and phospholipase A^ activi- 
ties. We are using a monoclonal antibody immunoaffinity chromatography to charac- 
terize this enzyme. The immunoaffinity column shows that the antibody is specific 
to dog hepatic lipase and does not cross-react with lipoprotein lipase. When a 
preparation of dog hepatic lipase is passed through this column, all three enzyme 
activities decrease to the same extent and all three enzyme activities can be 
found to associate with the column. Ihe lipase has native molecular weight of 
greater than 200,000. SDS-Poly aery lam ide gel electrophoresis reveals that one 
major protein band (Ml^84,000) and two minor protein bands (Ml^58,000 and 52,000) 
can be concentrated from dog post-heparin plasma by this column. We conclude that 
tri-, mono-acylglycerol lipase and phospholipase A^ activities of dog hepatic 
lipase is on the same molecule. (Supported by NIH Program Project #HL25596) . 
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PROTEIN SYNTHESIS IN PULMONARY MACROPHAGES: EFFECT OF PHAGOCYTOSIS. Doninic Fan ; 
Dept. of Pharmacology » LSU Medical Canter» New Orleans LA 70112. Donald Massaro ; 
Dept. of Medicine, UM Medical Center and the VA Hospital Miami FL 33101. 

Extracellular and intracellular free and tRNA-bound phenylalanine wag deter- 
mined in pulmonary macrophages in culture. Phagocytosis resulted in an increased 
rate of protein synthesis irrespective of which precursor pool was used in calcu- 
lation. The rate of protein synthesis was increased per ug of polyriboaomal HNA; 
but there was no increase in the amount of polyribosomal RNA in phagocytizing 
macrophages The increase in the rate of protein synthesis (14 fold) was almost 
identical to the increase (1.3 fold} In the rate of ribosome transit (the time 
required for a ribosome after having become attached to a messenger RNA, to 
complete translation and release a finished polypeptide) in phagocytizlng macro- 
phages. The decreased ribosome transit time during phagocytosis occurred without 
a change in the average molecular weight of macrophage proteins Therefore 
phagocytosis increases the rate of protein synthesis la attached pulmonary macro- 
phages and this increase can be accounted for almost completely by an increased 
rate of polypeptide chain elongation and/or termination. (Supported in part by 
NHLI Training Grant HL07283, NHLI Research Grant HL20366 and the VA Hospital.) 



EFFECTS OF SEXITAL MATURATION ON TESTOSTERONE PRODUCTION BY MOUSE TESTES IN VITRO . 
David Gonzaleg & Andr^ej Baj^tke . Department of OB/GYN, University of Texas Health 
Science Center, San Antonio, TX, 7828A. 

During puberty, production of testosterone (T) by the testis greatly increases, 
but the mechanisms responsible for this are not completely understood. We have 
examined production of T In vitro by testes from linmature mice (26, 37 & 46 days 
old) and adult mice (over 60 days old) in the presence of 0, 3.1, 6.2, and 12.5 
mlU/ml human chorionic gonadotropin (hCG) , a hormone with luteinizing hormone (LH) 
activity. These testes were incubated for A hours and T concentrations were 
measured by radioimmunoassay (RIA) . Compared to the testes of adult mice, testes 
from the 27-day--old mice produced little T (106 ± 20 vs 289 ± 19 pg/mg) and showed 
a very poor response to hCG (with 6.2 mlU/ml, 805 ± 160 vs 6157 ± 1057 pg/mg). 
In contrast, testes from 37-day-old mice produced more T than did testes of the 
adult mice, both with and without hCG, Testes from the 46-day-old mice showed 
little differences from the adult. These results appear to indicate that respon- 
siveness of the testis to LH increases greatly during the early stages of sexual 
maturation (between 36-37 days) . This increase in responsiveness of T production 
could be due to an increase in the concentration of LH (hCG) receptor sites, 
which are located on the Leydig cells of the testis. Supported by HD 12642. 



ASACHIDONIC ACID DEPRESSION OF THE ISOLATED PERFUSED RAT HEART. Gary S.Hambrecht 
and James G* Hilton . Bepartments of Pharmacology and Toxicology, University of 
Texas Medical Branch and Shriners Bums Institute, Galveston, Texas 77550. 

These studies were carried out on the isolated rat heart perfused with Ringer's 
Locke solution at 37 5° C Isometric force of contraction was recorded by use of 
a Grass FT03 Force Transducer, Observations were recorded every 5 minutes for 120 
minutes. Arachidonic acid (0.5 mM) was infused for a period of 10 minutes at a 
rate of 1 ml/min beginning 15 minutes after perfusion was started. A significant 
decrease in force of contraction occurred during the infusion of arachidonic acid. 
This decrease in force of contraccion continued after Infusion ceased. Allen and 
Levi JPET 214: 45-59 1980) have proposed that the decrease in force of contract- 
ion following arachidonic acid was due to the formation of proataglandina and havi 
demonstrated that Indomethacln will prevent the decrease. With the dose of arach- 
idonic acid used in this study indomethacln did not prevent the decrease in force 
of contraction observed during infusion but did prevent the continuing decrement 
of activity observed after infusion was stopped. These results suggest that there 
are at least two components to the arachidonic acid decrease in cardiac force of 
contraction. An early response to arachidonic acid which appears to be independ- 
ent of prostaglandin formation and a latter continuing response which is dependent 
upon cyclo-oxygenase activity. 
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EnaiOLTH IMDDCED ALTERATIONS IN GLYCEROL REMOVAL IN DOGS. 0,P. McGuinness and J, J. 
SpitEer, Dept, of Physiology, LSU Medical Center, New Orleans, LA 70112 



The metabolic clearance rate (MCR) of glycerol (gly) was Investigated In the 
thetlsed dog following the administration of saline (n-7) or E. Coll endotoxin 
(0.3 mg/kg; n-6). A stepwise Infusion of gly was used (A. 3,8.7,17.4 nmoles/kg/mln) 
during the early (13-135 mln) and late (260-380 mln) post-treatment time periods. 
A steady state arterial gly concentration was obtained within 40 minutes at each 
infusion rate. The MCR was calculated as the Inverse of the slope of the linear 
relationship between gly infusion rate and the steady state arterial gly concen- 
tration. In the saline treated group the MCR was the same during both time periods 
(early: 316 + 0.3, late: 31.6 ±0.2 ml/kg/min). The MCR following endotoxin admin- 
istration was decreased markedly as compared to saline treatment (early: 20.8 + 
0.3» late: 19.2 + 0.3 ml/kg/min). Since the liver is the main site of gly removal 
preliminary eicperiments were performed to determine hepatic gly uptake. Calculated 
hepatic clearance of gly was decreased, corroborating the MCR changes. In con- 
clusion, these results indicate that the marked rise in arterial gly concentration 
following endotoxin administration is in part due to decreased MCR. The liver 
appears to be an important site of the endotoxin Induced alterations in gly turn- 
over. (Supported by USPH NIH Grant HL 07098.) 

TISSUE EXTRACT AND PLASMA CONCENTRATIONS OF IMMUNOREACTIVE GASTRIN IN CHICKENS. 
D. McKay, K. Inoue, P. Chowdhury, L. Neldon, E. Heurper, and P. L. Rayford, Dept. 
of Physiology-Biophysics, Univ. Arkansas for Med. Sciences, Little Rock, AR 72205. 

1^1 s study was conducted to measure concentrations of Immunoreactive gastrin 
(iRGa) in tissue extracts emd plasma of chickens. Methods ; Six chickens were 
sacrificed and tissue specimens were collected from various organs. In 5 con- 
scious chickens, blood samples were collected before, during and after a 60 mln 
i.v. infusion of bombesin (BBS, 0.6 yg/kg-hr or 3.0 pg/kg-hr). Scaine was infused 
as a control. IRGa levels were measured by radioimmunoassay. Results ; IGRa 
(pmol/g) was found in the cerebral cortex (12.9±1.T), cerebellum (T.9±1.3), pro- 
ventrlculiis (l.3±0.8), gizzard (3.5±2.5), duodenum (2.1±0.8), jejunum (l.T±0.3) 
ileum (6.5±1.0) and colon (0.U5±0.20). Plasma IRGa did not change with saline 
or with 0.6 pg/kg-hr of BBS. With 3 Ug/kg-hr of BBS, IGRa in plasma increased 
from basal levels of 10±1 pmol/L to lU±l pmol/L at 15 min (p<0.05), with an inte- 
grated response of lU5±62 pmol-60 min/L (p<0.05). Conclusions ; In contrast to 
mammal s , concentrations of IGRa in chickens were higher in the brain than that 
found in the gut. Plasma immunoreactive gastrin levels were elevated by 3.0, but 
not by 0.6, yg/kg-hr of BBS suggesting that the response to BBS may be dose re- 
lated. Supported by NIH Grant AM30Ul5-01. 

EFFECT OF CAEMIIW ON PUIMONAFY FUNCTION IN RATS. R. A. McKnight, Parimal Choxdhury , 
Layce Neldon and P» L. Rayford . Dept. of Physiology, Univ. ;^k. Med. Sci., 
Uttle RDCk, AR 7ZZ05. 

We studied lung function in rats after an intraperitoneal exposure of cadmiun. 
Method ; Twelve rats divided into 2 equal groups. Control group received saline 
While the exposed group received an i.p. injection of CdCl2 (4 iqg Cd/kg). Four hrs 
after the injection animals were anesthetized, femoral artery and vein exposed and 
a tracheal cannula was attached to a two way valve and sinple water manometer in 
order to collect expired air and induce an expiratory load pressure. The cannula 
wis also attached to a transducer to monitor inspiratory and expiratory tracheal 
pressure. Pressure differences were measured at different times under expiratory 
load pressure, then measurements were repeated in rats with open chests. Results : 
Pressure differences (AP) as a function of expiratory load pressure was signiti- 
cantly lower in Cd-esqposed animals than that of control. Static deflation volime 
obtaijied per gm of dry lung weight as a function of pulmonary pressure indicated a 
significant increase in lung volunes at 20, 25 and 30 nm of pressure in Cd-exposed 
anijqals. Blood and expired air parameter measurements indicated no changes in con- 
trol and exposed animals. Conclusion ; Cd exposed rats imderwent pulmonary in- 
jury resulting in the changes m tiieir lung function. (Sqpported by NIH Grant 
AM30415-01) 
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BRAIN PHOSPHOPROTEIN PHOSPHATASES: CHARACTERIZATION USING A SYNTHETIC 
PHOSPHOPEPTIDE AS SUBSTRATE • K.E, Vrana and R> Roskoski, Jr, (SPON: J^R. Pbrter) 
Department of Biochemistry^ LSU Medical Center, New Orleans, lA 70119. 

Phosphoproteln phosphatases are a broad class of enz3rmes vhich catalyze the 
dephosphorylation of a wide variety of phosphoproteins. To date, assay 
procedures have utilized a number of radiolabelled phosphoproteins as substrates 
which possess heterogeneous sites of phosphorylation (e.g., phosphohistone , 
phosphocasein and phosphoprotamlne). A new assay procedure has been developed 
which utilizes a synthetic heptapeptide (leu-arg-arg-ala-ser-leu-gly) 
phosphorylated at the serine residue as a substrate. In contrast to the 
phosphoproteins, this peptide contains a single, phosphorylated serine in a 
specified sequence and permits the preparation of substrate solutions of known 
concentration. Following incubation with phosphatase activity, the 
phosphopeptide is adsorbed to phosphocellulose paper and the liberated, 
radioactive phosphate is resolved by eluting into a dilute phosphoric acid 
solution. The radioactivity is quantitated by measuring Cerenkov emission. 
Using this synthetic phosphopeptide, three distinct phosphoproteln phosphatase 
activities have been identified in the DEAE-cellulose elution profiles of bovine 
brain homogenates. (Supported by USPHS Grants NS-15994 and T32HL07098) 



SOFT-AGAR TUMOR STEM CELL ASSAYS: EFFECT OF OXYGEN. Dominic Fan ; LSU Medical 
Center, New Orleans, LA 70112. Carol Swlnkin and Awtar Krlshan ; Comprehensive 
Cancer Center for the State of Florida, UM Medical Center, Miami, FL 33101. 

Mouse leukemic LI 210 cells and xenografts of a human melanoma and a cervical 
carcinoma were grown under various concentrations of O2 in the soft-agar assay. 
In L1210 cells, plating efficiency (PE) was higher under hypoxic conditions than 
the conventional 20% O2 atmosphere. Cytotoxic effects (CE) , as determined by the 
number of colonies surviving drug exposure were more pronounced under 20% than 5% 
or 0% O2. In melanoma cells, PE was highest under 5% O2. CE of Adrlamycln (ADR), 
Cis-platlnum (Cis-Pt) and Vinblastine (VLB) were higher in 5% than 20% O2. CE of 
Bleomycin (BLM), Cis-Pt and VLB were also higher in 5% than 0% O2. Low concentra- 
tions of Cis-Pt and VLB stimulated PE under 20% O2. In cervical carcinoma cells, 
PE and colony size were Increased in 5% 02. CE of ADR, BLM and Cis-Pt (1-10 ug/ 
ml) were Increased in higher O2 concentrations. In contrast, CE were higher in 
cells exposed to Cis-Pt (0.1 ug/ml) and VLB (0.001-0.01 ug/ml) under 5% O2. At 
low concentrations, BLM, Cis-Pt and VLB promoted growth of cells under 0% O2. 
Thus O2 had great Influence on the outcome of the soft-agar assay, indicating the 
need for caution in interpretation of chemosensitlvity data from in vitro studies 
for clinical use. (Supported in part by PHS G CA-29360 by the NCI, DHSS.) 



TROPHIC EFFECT OF TRYPSIN INHIBITOR ON THE REMNANT PANCREAS AFTER MAJOR PANCREA- 
TECTOMY IN RATS. Nobuo Baba, T. Suzuki, T. Tobe. First Department of 
Surgery, Kyoto University Medical School, Kyoto, Japan. 

The effect of trypsin inhibitor was studied in rats after 85% pancreatectomy. 
Method : Pancreatectomy was performed on male rats. Rats were given synthetic 
trypsin inhibitor (0.5%, FOY305) via drinking water. Endocrine functions of pan- 
creas were examined by intravenous administration of glucose (0.5 g/kg b.w.) and 
insulin content in the pancreas. Exocrine functions of pancreas were examined by 
PFD-test (dosing of PT-BAPA 30 mg/kg b.w.) and protein and enzyme contents in the 
pancreas. Results ; Impairments of the glucose elimination rate and the inte- 
grated insulin response after major pancreatectomy were Improved with trypsin 
inhibitor for 4 and 12 wks. Trypsin inhibitor administered for 13 wks caused a 
1.3 fold increase in pancreatic insulin content. The PFD-test was improved in 
rats treated with trypsin inhibitor at 4 and 12 wks. The pancreatic amylase, 
lipase, and protein contents were 1,9, 1.7, and 2.1-fold greater than control. 
Conclusion ; We conclude that oral administration of trypsin Inhibitor la 
"effective in improving pancreatic endocrine and exocrine functions after major 
tncreatectomy in rats. 
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LEVELS OF CHOLBCYSTCMaNIN, PANCREATIC POLYPEPTIffi AND GASTRIN IN DOGS FOR EIGOT HRS 
AFIER FOOD. K. Inoue, D. McKay, E. Harper, L. Neldon, P. Chowdhuary, and P. L. 
byford. Univ. Ark. Bed. Sci. /Little Rock, AR 72205. 

Ke nave measured postprandial levels of gastrin, cholecystokinin (CCK) and pan- 
creatic polypeptide (PP) in dogs for eight hrs. Materials and Methods : Thirteen 
dogs were fasted for 24 hrs before being allowed to eat 40U g o± standard dog food 
lixed with 100 ml of milk. Peripheral blood samples were collected before and at 
regular intervals for 8 hrs after food for radioimnounoassay measurement of gastrin, 
(XX and PP. Results : Basal levels of gastrin were 9±1 pmol/L and increased sig- 
nificantly to 3U±4 pmol/L at 5 min after food: they remained significantly 
elevated throughout the study. PP was 46±6 pmol/L at basal, 160S±670 pmol/L at 
5 min, S86±7S paK>l/L at IS min and was significantly elevated throughout the study. 
Basal CCK was 10.7±1.5 pmol/L and increased significantly to 12.2±1.7 pmol/L at 50 
■in: CCK responses to food was triphasic. The integrated responses of gastrin, 
QCK and PP were S.9±0.8, 1.2±0.3, 217.7±35.5 imol - 480 min/L, respectively. 
Conclusion : The response of gastrin and PP to food was immediate whereas responses 
ot lOC occurred later. All responses were prolonged with gastrin being uniphasic; 
FP biphasic and CCK triphasic. The results suggest that in dogs food is a potent 
and prolonged stimulator of gastrin, CCK and PP. (Sipported by NIH Grant AM30415- 
01) 



EFFECT OF GASTRIN-RELEASING PEPTIDE ON SERUM INSULIN LEVELS IN ADULT MALE RATS. 
George IL Greeley, Jr,, James C, Thompson , Department of Surgery, The University 
of Texas Medical Branch, Galveston, TX 77530 

The purpose of this study was to examine the action of gastrin-releasing pep- 
tide (GRP) on serum Insulin levels in male rats. Methods . GRP (10 ug) or saline 
(controls) was given intravenously under light ether anesthesia. Serum was col- 
lected before, and 10, 30, 60, and 120 minutes after GRP or saline (controls) for 
radiolnmunoassay of insulin. Results . Insulin levels (pg/ml) are shown in the 
table (* " £ <0.05 vs control rats; A ■ £ <0.05 vs basal insulin level). 

Time 
Basal 2£ i2 M 120 

Control 258175 389178 238123 280172 292167 

GRP 242160* 7471136*A 2204l480*A 295176A 301156A 

Conclusions . These results indicate that GRP is a potent stimulant of insulin 
secretion. 



MEASURMENTS OF CHOLECYSTOKININ AND PANCREATIC IMMUNOREACTIVITY IN RATS: EFFECTS 
OF BOMBESIN. P. L. Rayford^ K. Inoue^ D. McKay, and P. Chovdhury. Dept. of 
Physiology-Biophysics, Univ. Arkansas Med. Sciences, Little Rock, AR 72205. 

This study was conducted to determine if blood and tissues of rats contain 
immunoreactive cholecystokinin (CCK) and pancreatic polypeptide (PP). Methods : 
Groups of 6 rats were infused via the Jugular vein with saline, 5 Pg or 25 Ug of 
"bombesin (BBS). Blood samples were collected before and during BBS. Rats were 
sacrificed, the duodenum (for CCK) and pancreas (for PP) were removed and extract- 
ed for measurement of peptides by radioimmunoassay. Results ; Slopes of dose- 
response curves for rat plasma and duodenal extracts were not siginificantly dif- 
ferent from that of 99)if pure CCK- 33. In addition, graded doses of bovine PP and 
rat plasma generated parallel dose- response curves. Plasma levels of CCK and PP 
did not change with scLline or with 5 Ug of BBS. CCK levels increased from a con- 
trol value of 59*16 pmol/ml to 89117 and to 9^±l6 pmol/ml (p<.05) and PP increased 
from 7±2 to lUl2 and l6l2 pmol/ml (p<.05) with 25 pg BBS: integrated values for 
CCK and PP for the 30 min period were significantly greater than that found with 
saline. Conclusion; Tissues and blood of rats contain immunoreactive CCK and PP. 
Blood levels of both substances increwed with 25, but not 5 Ug of BBS suggesting 
that the response to BBS is dose related. Supported by NIH Grant AM30U15-OI. 
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MEMBRANES ENHANCE ALDOSTERONE BINDING IN RAT KIDNEY CYTOSOL PREPARATIONS. 
MarMn nii>«terhAf t. Pavpl KnfmAtilrlcv and John R. Higgina. DeptS. of Internal 
Medicine and Biochemistry, Texas Tech University School of Medicine and the VAH 
Medical Center, Amarillo, Texas, 79106. 

We tested rat kidney membranes for effects on the binding of 3H-Aldosterone to 
receptor. Kidneys from adrenalectomized Sprague Dawley male rats were perfused 
with extraction buffer (SOmM Tris phosphate, pH 7.5, containing 50mM Na2MoO^, loM 
EDTA, lOmM monothiolgylcerol and 10% glycerol), diced, dounced, and centrifuged at 
105,000xg at A^. The cytosols and membrane pellets were separated and the membran 
pellets resuspended in the original extraction buffer. This suspension of membranes 
possessed little inherent binding activity. However, when aliquots of this 
membrane suspension were added to active cytosol preparations a maximal t%io to 
three fold stimulation of the original cytoplasmic binding activity was seen. Thii 
membrane associated stimulation of binding activity could not easily be extracted 
and was a proportional, saturable function of the amount of membranes added to thi 
cytosol. Maximal activation required Na2MoO. both in the isolated cytosol and 
membrane preparations. We conclude that factors tightly bound to cell membranes 
are capable of activating mineralocorticoid receptors. 



DIHYDROALPRENOLOL BINDING TO ADIPOCYTES OF HYPERTENSIVE RATS. Karl M. Nelson 
and Judy A. Spitzer . Department of Physiology, LSU Medical Center, New Orleans, 
LA 70112. 

The lipolytic response of adipocytes from spontaneously hypertensive (SH) 
rats to norepinephrine has been shown to be blunted. One means by which 
norepinephrine-stimulated lipolysis can be influenced is via modulation of 
hormone receptor number and/or affinity. In the present study, (-) ['h] 
dihydroalprenolol (DHA) was used to assess B-adrenergic binding to intact fat 
cells from normotensive and SH rats. Nonspecific binding was defined as the 
amount of DHA bound in the presence of 1 nM isoproterenol. The amount of DHA 
specifically bound by adipocytes of normotensive rats was the same as that 
bound by fat cells from SH rats. The dissociation constant (Kd) and number of 
binding sites (Bmax) were not different in the two populations of adipocytes. 
Increasing amounts of adrenergic agonists and antagonists decreased total DHA 
binding to fat cells from normotensive rats. The displacement of DHA was sig- 
nificantly diminished with fat cells from SH rats (Supported by George S. Bel 
Award from American Heart Association of Louisiana, Inc.). 



A NEW FLUORESCENCE SPECTROSCOPIC TECHNIQUE FOR MAPPINC THE NUCLEOTIDE-BINDING 
SITE OF cAMP-DEPENDENT PROTEIN KINASE CATALYTIC SUBUNIT. D. Bhatnagar and R. 
Roskoski, Jr# , Department of Biochemistry, LSU Medical Center, New Orleans, lA 
70112. (SPON: J.R, Porter) 

One approach to understanding the mechanism of protein kinase action is to 
examine the spatial restrictions of the siteCs) involved in catalysis by studies 
including chemical modification and the use of analogs of natural ligands* 
Using the latter approach, we have developed a rapid, non-destructive 
fluorescence spectroscopic method for mapping the ATP-binding site in the 
catalytic subunit of cAMP-dependent protein kinase. This is achieved by 
displacing the fluorescent nucleotide Hn-benzo-ADP with other nucleotides and 
analyzing the binding affinity of the displacing nucleotide for the catalytic 
subunit* The K *8 obtained for Adenosine, AMP, ADP, AMP.PNP of 32, 642, 10, and 
53 yM, respectively, by fluorescence displacement agree very well with the K *s 
Af 15, 640, 9.5 and 60 yM, in that order, obtained from steady state kinetic 
lents* (Supported by USPHS Grant NS-15994 and a post-doctoral fellowship 
I American Heart Association-LA). 
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MTESTINAL HISTAMINE Ho-RECEPTORS: AGONIST DISSOCIATION CONSTANTS (Ka). 

■A, Barker (Spon: L. Becker ). Dept. of Pharmacology, LSUMC, New Orleans, LA 

H2-receptors are located on some n\yenter1c plexus Intemeurons in guinea pig 
itestlne. Activation of these receptors results in longitudinal muscle contrac- 
ion (J.P.E.T. 221:69, 1982). In this study the intestinal H2-receptors were 
urther characterized by determining the apparent Ka values for the H2-selective 
jonlsts, dimaprit (D) and 4-methyl histamine (4MH) by the method of Furchgott 
Uv. Drxig Res. vol. 3, 1966). Similar studies were carried out on a standard 
2-receptor preparation, the guinea pig right atrium. Tissue H2-receptor concen- 
ratlon was reduced by treatment with L-643,441, a selective irreversible H2-anta- 
onlst (Pendelton et al.. Fed. Proc. 41:Abs 7507, 1982). Concentration-effect 
urves were generated before and after treatment with L-643,441. Apparent Ka 
alues were determined from the equation [A']/[A] = 1/q + ((l-q)/qKA)[A']. The 
pparent Ka values (x and 95% confidence limits) for 4MH on ileal and atrial H2- 
eceptors respectively were 50 (26-74)yM {N=6) and 84 (57-112)pH (N=3) and for D 
ere 56 (39-72)yM (N=6) and 104 (56-153)pM, (N=3) respectively. These results 
uggest th&t ileal and atrial H2-receptors represent a homogeneous population. 
Supported by BRSG #S0-Rl-5376) 



PRDDOCTION AND CHARACTBRI ZATION OP MONOCLONAL ANTIBODIES AGAINST RAT APOLIPOPRD- 
TBXIIS. Laurence Wongy Willia« GallahTy and Paul S, Rohcia , Departaent of Physi- 
ology, Louiaiana State University Medical Center, 1542 Tulane Avenue, New Orleans, 
Louisiana 70112. 

Hybridoaaa were produced in mice by injections of apolipoproteins into mice 
followed by cell fusion with mouse myeloma cell lines. The hybridomas were cloned 
by limiting dilution. The clones were then expanded and ascites fluid produced. 
The antibodies were characterized for their light and heavy chains. All the anti- 
bodies produced reacted to all classes of lipoproteins, i.e. VLDL, LDL, and HDL. 
Immunoblotting followed by autoradiography indicates that the antibodies reacted 
to fast-migrating peptides. 2D isoelectricfocusing SDS-PAGB inmunoblotting indi- 
cates that 3 antibodies react to peptides having a pi greater than 6 or less than 
4; and one reacted to 2 peptides having pl*s of 4.5 and 4.6 and MN of 12,000. Me 
concluded that 3 antibodies are directed against apoCj and one against apo 
Cjxi* (Supported by NIB Program Project #HL25596.) 



PREPARATION OF VESICLES WITH TRANSPORT CAPABILITY FROM CULTURED FIBROBLASTS. 
I^eyia C. Mokrasch , Department of Biochemistry , LSU Medical Center, New Orleans , 
La. 70119 

As part of a study on membrane-bound transport enzymes in cultured fibro- 
blasts from normal human donors and from muscular dystrophy victims , an active 
and stable model membrane system was needed. Vesicles have been useful in the 
atudy of transport related to other cell types, but nopreparation procedure was 
available for fibroblasts. Fibroblasts explanted from forearm skin biopsies were 
cultured using conventional technics. Cells in confluent cultures were complexed 
with a Ricinus lectin, swelled in hypotonic buffer, scraped free, homogenised, and 
centrifuged on a linear sucrose gradient. The membrane fraction was freed of lec- 
tin and concentrated by centrifugation. Vesicles were prepared by sonication of 
the membranes in isotonic buffers. Vesicles prepared in the presence of gluta- 
thione transported isotopic aminoacid. This transport plus radioiodination data 
indicated that the vesicles sealed with the correct sidedness. The presence of 
active ATPases suggest that the vesicles should be the fully competent model 
sought. The membrane and vesicle preparations were successful with several 
ptralns of fibroblasts. 
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DISTRIBUTION AND CATABOLISI OF CdlO^ in raTs. ParimalChovidhary, Edward Harper, 
K. Inoue and Phillip L. RgX^OTd . Dept. of Physiology-Biophysics, Univ. Ark. 
Med, Sci., Little Rock, AR 7ZZ05, 

In rats, we have compared the effect of bolus and continuous injection of Cd on 
its distribution and catabolism. Methods : Fifteen rats were divided into 3 groins: 
Groi;^ I received saline, Groim 2 received a bolus injection of 3.75 yCi CdlO^; 
Group 3 received 3.75 pCi Cdl09 infusion for 50 min. Blood san?)les were collected 
at regular intervals for 120 min. The san?)les of lung, liver, kidney (R and L), 
heart, brain, muscle, fundus, antrum, ileirni, cecum, colon, duodemm, pancreas and 
esophagus were collected and weighed individually. Cd^09 in samples was measured 
with an auto-gamma counter. Percent distribution of Cdl09 per gm of tissue was 
calculated. Results : Method of administration of Cd^^^ did not influence its 
distribution or catabolism. Blood levels of cadmium were 1.6±.06, .94±.06, 
.61±.20, .42±.25 and .35±.034 percent at 2, 4, 6, 8 and 10 min, respectively. Cal- 
culated T 1/2 was 7.4 min for the bolus injection and 8.4 min for the infusion. 
Maximum accumulation of Cd in liver was 4.54±.65, kidney 1.82±.09, and GI tract 
3.92±0.025l. Neglible amounts were found in brain and muscle. Conclusion : The 
results suggest mechanisms for the catabolism of CdX09 are rapid and etf icient 
\^ch may be related to the large amounts of cadmium taken up by major target organ. 
(Supported by NIH Grant AM30415-01) 



PRETERM RABBIT LUNG WASH DISATURATED PHOSPHATIDYLCHOLINE (DSPC) FOLLOWING HIGH 
FREQUENCY OSCILLATING (HFO) RESPIRATORY SUPPORT. Robert V. Kotas and Michael 
A. Moxley . The William and Natalie Warren Medical Institute, 6465 South Yale, 
Suite 1010, Tulsa, OK 74136-6783 

We tested whether HFO (1,200 breaths/min) for one hour altered DSPC in lung 
wash of 30.5 day curarized (Pavulon) fetal rabbits removed by hysterotomy. 
Control animals consisted of littermates (LC) spontaneously breathing for one 
hour. The DSPC ymole/g lung dry weight (mean ± SEN) were not significantly 
different. 

Pellet Supernatant 
HFO 3.50 ± 0.51 1.38 ± 0.23 

LC 3.02 ± 0.20 2.12 ± 0.22 

Only washes free of blood were studied. Transcutaneous carbon dioxide partial 
pressures of HFO were in the normocarbic range with compressed air as the gas 
source for the respirator. Small frequent movement of alveolar walls does not 
seem to change curarized fetal rabbit lung wash DSPC. 



REGULATION OF SUBSTRATE OXIDATION IN ISOLATED HEART MYOCYTES BY DL-B-HYDROXYBUTY- 
RATE. V. Chen, G. Wagner and J.J. Spitzer . Dept. of Physiology, LSU Medical Center, 
New Orleans, LA 70112 

The oxidation of exogenous DL-B-hydroxybutyrate (BHB) and Its effect on the 
oxidation of lactate, octanoate or palmitate were studied using freshly isolated, 
Ca -tolerant heart myocytes from rats. Raising BHB concentration in the medium 
resulted in progressive increase in its oxidation rate which plateaued at 2 mM BHB. 
The presence of BHB (5 mM) inhibited the oxidation of 7.5 mM lactate by 60%. Oct- 
anoate (2 mM) and palmitate (O.A and 1 mM) oxidation were decreased by 17 and 35Z 
in the presence of BHB. The presence of palmitate, lactate or octanoate had little 
if any inhibitory effect on BHB utilization. In isolated cells from chronically 
streptozotocin-diabetic rats, BHB oxidation was reduced by 25%, whereas palmitate 
oxidation remained unaltered. Despite the reduced oxidation rate, BHB still com- 
peted favorably with palmitate, whereas palmitate exerted no effect on BHB oxi- 
dation in these cells. Thus, our findings suggest a possible regulatory role of 
BHB in myocardial substrate oxidation. (Supported by Louisiana Heart Association, 
NIH grants HL 23157 and HL 07098). 
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MICROCOMPUTER EXTRACTION OF ELECTROCARDIOGRAPHIC PARAMETERS AND VECTORCARDIOGRAMS 
FROM THE LABORATORY RAT. John A. Ward. Mario Gamboa, Dale Robinson and Mary Daniel 
Healy . Division of Natural Sciences, Incarnate Word College, 4301 Broadway, San 
Antonio, Texas 78209. 

The recording and analysis of rat electrocardiograms presents problems of 
noise reduction, frequency response, and standardization of measurements more 
serious than those associated with human ECG*s. To improve the speed and re- 
liability of measurements, programs for digitization, graphical analysis, measure- 
ment of intervals, and calculation of vectorcardiograms were developed on the 
Apple II Plus microcomputer. Comparisons of recorded ECG*s with theoretical ECG's 
derived from the vectorcardiogram indicated that the rat conformed closely, though 
not exactly, to the Einthoven hypothesis. Alternative algorithms for automated 
measurement of ECG intervals were evaluated. 
(Supported by NIH Grant No. 5-S06-RR-08170-05) . 



THE EFFECT OF MAGNESIUM DEFICIENCY ON THE RAT ELECTROCARDIOGRAM. John A. Ward , 
Dale Robinson and Mario Gamboa . Division of Natural Sciences, Incarnate Word 
College, A301 Broadway, San Antonio, Texas 78209. ^ 

The electrocardiogram is dependent upon currents carried mainly by Na , K 
and Ca"^. To investigate the effect of magnesium deficiency on the rat electro- 
cardiogram (ECG), 12 male Sprague-Dawley rats were divided into experimental and 
control groups of 6 rats per group. The experimental and control diets contained 
4.5 and 650 ppm of magnesium, respectively. The ECG was monitored from the six 
standard frontal plane leads for 5 weeks. There was a significant prolongation in 
the QT interval in lead AVR in the experimental group after two weeks on the diet. 
Prolongation of the QT interval Indicates delayed repolarization of ventricular 
myocytes. Delayed repolarization could be due to an effect of Mg"^ either on Kr 
or Ca"*^ channels or on the ionic pumps responsible for maintaining the gradients 
of these ions. 
(Supported by NIH Grant No. 5-S06-RR-08170-05) . 



THE EFFECT OF MAGNESIUM DEPRIVATION ON THE CONCENTRATIONS OF IONS IN THE BLOOD OF 
THE RAT. Mary D. Healy and Yvonne King , Division of Natural Sciences, Incarnate 
Word College, 4301 Broadway, San Antonio, Texas 78209. 

The concentrations of ions Mg"*^, Ca"*^, K^ and Na"*" were studied in the blood of 
three groups of rats. Nine Sprague-Dawley rats, weighing 190-220 grams were 
divided into three groups, each group containing three rats. The dietary regime 
for each group was as follows: Group 1. Magnesium sufficient (650 ppm). Group 2. 
Magnesium deficient (4.5 ppm) and Group 3. Lab Chow. After the animals had been 
on the diet for two weeks, surgery was performed in order to insert a cannula into 
the right external Jugular vein. After cannulation, the animals were housed one 
cage and the cannulas were flushed once daily with 5% sodium heparin to maintain 
potency. Two 1 ml blood samples were taken daily from each animal. The atomic 
absorption spectrophotometry was used to determine the concentrations of Mg'*'*', 
Ca"*^, k:^ and Na"*" the blood samples. The results of this study suggest low con- 
centrations of Mg"*^ and IT*' in correlation with high concentrations of Ca'*''' and 
Na"*". However, confirmation of these results is dependent upon further investiga- 
tion. 
(Supported by NIH Grant No. 5-S06-RR-08170-05) . 
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NOTICE TO CONTRIBUTORS 

General Instructions 

Manuscripts should be written in clea^, concise and grammatical English, and should conform to the general style 
of the Journal and the specific instructions listed below. Manuscripts which are not adequately prepared will be 
returned to the authors, since it is not feasible for the Editors to undertake extensive revision or rewriting of manuscripts 
submitted. Contributors, particulariy those unfamiliar with English usage, are encouraged to seek the help of colleagues 
in the preparation and review of manuscripts prior to submission. This practice will usually reduce the time required 
for review and will avoid delays in the publication of the manuscript. 

SUBMIT MANUSCRIPTS IN TRIPUCATE (ONE ORIGINAL AND TWO COPIES). A $10.00 CHECK OR 
MONEY ORDER (NON-REFUNDABLE) MU^ ACCOMPANY THE MS TO COVER HANDLING COSTS 
FOR ALL MSS RECEIVED. Submitted manuscripts and accompanying materials become the property of the Society, 
and the Society is not responsible for loss or damage to such materials. 

All manuscripts should be submitted to Dr. M. R. Nocenti, 630 W. 168th Street, New York, N.Y. 10032. 

EDITORIAL OFFICE IS CLOSED DURING AUGUST. 

Authors submitting manuscripts containing data fipom experiments involving recombinant DNA molecules must 
provide a statement for each of the two reviewers which certifies that their experiment complied with the NIH guidelines 
on physical and biological containment procedures. 

1. Only original papers will be considered. Manuscripts are accepted for review with the understanding that the 
same work has not been and will not be published nor is presently submitted elsewhere, and that all persons listed 
as authors have given their approval for the submission of the paper, further, that any person cited as a source of 
personal communications has approved such citation. Written authorization may be required at the Editor's discretion. 
Articles and any other material published in the Proceedings of the Society for Experimerad Biology and Medicine 
represent the opinions of the author(s) and should not be construed to reflect the opinions of the Editor(s), the Society, 
or the Publisher. 

Authors submitting a manuscript do so on the understanding that if it is accepted for publication, copyright in the 
article, including the right to reproduce the article in all forms and media, shall be assigned exclusively to the Society. 
The Society will not refuse any reasonable request by the author for permission to reproduce any of his or her 
contributions to the Journal. Send requests for permission to reproduce items published in Proceedings of the Society 
for Experimental Biology and Medicine to: Dr. Mero R. Nocenti, Editor, Society for Experimental Biology and 
Medicine, 630 W. 168th St., N.Y., N.Y. 10032. 

A manuscript rejected by the PSEBM should not be re-submitted. All manuscripts will be given a quality rating 
by the two reviewing editors; those manuscripts with low priority ratings will not be accepted even though they have 
been classed as generally acceptable. Split decisions will be decided on the basis of the two priority ratings and/or by 
a third review. 

2. a. Manuscripts should be as concise as possible, yet sufficiently detailed to permit critical appraisal. 

b. Manuscripts (including tables, legends, and footnotes) should be double or triple spaced. 

c. The first page of the manuscript should contain the complete title of the paper, category for the 'Table of 
Contents** (select from list in item 20), names of authors (without degrees), affiliations (including Zip Codes), 
and a running title consisting of no more than 40 characters (including spaces). The second page of the 
manuscript should give the name, complete address, and telephone number of the author to whom ALL 
correspondence should be sent. Please include Zip Code. 

d. Units of weights, measures, etc., when used in conjunction with numerals, should be abbreviated and 
unpunctuated, e.g., 6 R, 3 g, 5 ml, 8% (see No. 21 below). 

3. Manuscripts of nonexperimental researches, or those with iruidequate controls, are not acceptable. 

4. Unnecessary subdivision of a research into several manuscripts is not acceptable. 

5. a. Manuscripts devoted to improvement of procedure or of apparatus may be accepted when a new principle 
is involved or when decidedly superior biological results are obtained. Evidence of such superiority should be 
given. 

b. Confirmatory or negative results will not be accepted unless they are of obvious biological significance. 

6. Manuscripts should not exceed 40 typed pages (including tables, charts, and references). 

7. Title shouk) be limited to 15 words. Manuscripts should contain an Abstract, Introduction, Materials and 
Methods, Results, and Discussion. Abstracts should not exceed 300 words. 

8. Conclusions should be based upon experimental data submitted. 

9. Figures. All figures should be cited consecutively by Arabic numerals in the text with figure legends typed on 
a separate sheet. These shoukl contain sufficient experimental detail to permit the figure to be interpreted without 
reference to the text Units should be deariy indicated in the figures themselves. Wherever possible, curves should 
be combined into a single figure in order to keep the number of illustrations to a minimum. 



PLEASE NOTE: All figures and illustrations are to be submitted in such form as to pennit photographic repro- 
duction without retouching or redrawing. This includes the lettering, which is reproduced as part of the photoengraving 
and is not set in type. Line drawings should be carefully drafted with black India ink on white drawing paper or blue 
drafting cloth, no larger than 8.5 X 1 1.5 inches overall (21 X 27.5 cm). The lettering should be laige enough to allow 
a reduction of two-thirds. High quality glossy prints are acceptable. 

10. Tables. These should be numbered with Roman numerals and cited consecutively in the text. Each table should 
be titled and typed double-spaced on a separate sheet. Refer to current issues of the Proceedings for the acceptable 
style of tables. The title of each table should clearly indicate the nature of the contents, and suflKcient experimental 
detail should be included in footnotes to the entries to permit the reader to interpret the results. Units must be clearly 
indicated for each of the entries in the table. To save space, repetition of similar experiments and columns which can 
be calculated from other entries in the table should be avoided wherever possible. 

1 1. Footnotes. Footnotes in the text should be identified by superscripts consisting of Arabic numerals and should 
be typed on a separate sheet; footnotes in the tables should be identified with superscript lower-case letters a, b, c, 
etc., and placed at the bottom of the table. 

12. a. References. Only essential citations should be submitted, and they should be arranged numerically at the 
end of the manuscript. References to the literature should be cited in the text by Arabic numerals in parentheses, 
set on the text line. The references should be numbered consecutively in order of their citation. 

b. Abbreviations of journal titles should follow the style used in Chemical Abstracts (Vol. ACCESS, Key to 
the Source Literature of the Chemical Sciences, 1969 Edition). Please note the style of capitalization and 
punctuation for journal articles, books, and edited books in the following examples: 

1. Ludens JH, Bach RR, Williamson HE. Characteristics of the antinatriuretic action of growth hormone. 
Proc Soc Exp Biol Med 130:1 156-1 158, 1969. 

2. Abramson Dl. Circulation in the Extremities. New York, Academic Press, pOOO, 1967. 

3. Newell A. Simon HA. Programs as theories of higher mental processes. In: Stacy RW, Waxman BD, eds. 
Computers in Biochemical Research. New York, Academic Press, Vol 2:p(X)0, 1965. 

c. **Personal communication,'' '^unpublished,'* ''submitted," and numerous abstracts should be excluded from 
the reference list. If the manuscript has been accepted for publication, include it in the reference list, giving 
journal, year, etc. If not accepted do not include it in the reference list. 

13. Trade or popular name or abbreviation of a chemical may be used only when preceded by the chemical or 
scientific name; thereafter, any of these names or abbreviations may be used. Trade names should begin with a capital 
letter. 

14. Structural formulas of chemicals should be used only when absolutely necessary. 

15. The Proceedings is copyrighted by the Society for Experimeraal Biology and Medicine. 

16. a. Authors are expected to discourage circulation of reprints for commercial purposes, 
b. Reprints are limited to 13(X). 

17. Changes in galley proof should be absolutely minimal. Authors will be charged for excessive changes. 

18. If none of the authors is a member of the SEBM, the Ms must be sponsored by an SEBM member. The sponsor 
should write stating (a) how familiar he is with the author and his research, (b) whether the author is scientifically 
reliable, (c) that the manuscript conforms to Notice to Contributors, (d) that he has critically examined the manuscript, 
(e) wherein the manuscript is a significant contribution to science, and (0 that he assumes financial responsibility 
involved. The sponsor should be in the same laboratory as the author. Where not of the same or recent past laboratory, 
he should specify why such letter comes finom a member at another laboratory. 

19. The authors are required to pay a part of the cost of publication in the form of a page chaige of $20.00 per 
page. 

Notify the Executive Secretary at least one month before change of address. 

20. Biochemistry, Endocrinology, Growth/Development, Hematology, Microbiology/Immunology, Nutrition, On- 
cology, Pathology, Pharmacology, Physiology, Radiobiology, Tissue Culture. 

21. Abbreviations. Contributors are requested to use the following abbreviations: 



calorie 


cal 


centimeter 


cm 


counts per minute 


cpm 


cubic centimeter 


cm^ 


Curie 


Ci 


degree Celsius (Centigrade) 


-X 


degree Fahrenheit 


op 


diameter 


diam 



millimeter mm 

milliosmole mOsm 

minute min 

molal (concentration) m 

molar (concentration) M 

mole spell out 

molecular weight mol wt 

nanogram ng 



gram 

hour 

inch 

inside diameter 

intramuscular 

intraperitoneal 

intravenous 

kilocalorie 

kilogram 

liter 

meter 

microliter 

micrometer 

milligram 

milliliter 



g 


nanometer 


nm 


hr 


normal (concentration) 


N 


in 


osmole 


Osm 


i.d. 


ounce 


oz 


im 


outside diameter 


o.d. 


ip 


parts per million 


ppm 


iv 


percent 


% 


kcal 


picogram 


pg 


kg 


revolutions per minute 


rpm 


spell out 


second 


sec 


m 


specific activity 


spac 


Ml 


square centimeter 


cm^ 


/im 


square meter 


m^ 


mg 


subcutaneous 


sc 


ml 


volt 


V 




volume 


vol 



Rapid Cbmmimicatioiis 

22. Rapid Communications must be typed on special forms to be compatible with the camera-ready method of 
reproduction. The forms are to be obtained fipom the Editorial Office. The manuscript must not exceed four special 
form pages in lengthy including text, illustrative material, tables, and references. The style of the manuscript, including 
the references, must conform to the style specified in the **Notice to Contributors** for regular manuscripts (see above). 
The manuscript must contain an Abstract, Introduction, Materials and Methods, Results, and Discussion. Type single- 
spaced with 12 pitch letters. The original and two copies of the manuscript are to be mailed to the Editor. All 
improperly prepared manuscripts will be returned to the authors. 

23. All Tables, Figures, or glossy prints must be on separate sheets, and their legends must be typed on separate 
sheets also. Do not insert these items into the text typed on the special forms. Follow instructions in item 9, above. 

24. Each copy of the manuscript must be accompanied by a letter in which the authors justify the request for 
rapid publication. The objective of Rapid Communications is to provide rapid dissemination of timely, significant, 
and novel data of special or general interest. The novel aspects of data must be described clearly in the manuscript. 

25. Manuscripts submitted for the Rapid Communications section will be reviewed expeditiously by a single 
reviewer. It is anticipated that such manuscripts will be in print two months after their receipt. 



